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Abstract We screened wild fungal isolates for melanolytic activity and found that Sporotrichum pruinosum was the most promising of
the very limited number of fungi that decolourised synthetic melanin. We used a submerged aerobic process to produce a
skin depigmentation enzyme by this strain, and found that in the medium the presence of Mn?* ions was necessary, the limi-
tation of carbon source was beneficial, and Zn?* ions were inhibitory. Cultivation in a stirred bioreactor required immobiliza-
tion of mycelium and use of low stirring velocity. A partially purified enzyme was prepared and tested for depigmentation of
human skin corneocytes and whole epidermis of phototypes Ill and V. This is the first study demonstrating the effective en-
zymatic degradation of the skin melanin rather than inhibition of its synthesis. This opens the possibility of using melanolytic

enzymes in cosmetic skin lightening. © KSBB
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INTRODUCTION

Melanins are complex natural pigments, widely dispersed
in animals, plants, and microorganisms. They have several
biological functions including photoprotection, thermoregu-
lation, action as free radical sinks, cation chelators, and anti-
biotics. Plants and insects incorporate melanins as cell wall
and cuticle strengtheners, respectively [1]. The function of
melanin in microbes is believed to be associated with protec-
tion against environmental stress. For example, bacteria pro-
ducing melanins are more resistant to antibiotics [2], and
melanins in fungi are involved in fungal pathogenesis of
plants [3]. In mammals, two types of melanin can be distin-
guished: a dark eumelanin and a yellow to red pheomelanin
[1]. Eumelanin, the more ubiquitous mammalian melanin
type, is found in different regions of the human body, includ-
ing the skin, hair, eye, inner ear, and brain [4].

Dermal melanins are synthesized by specialized cells
called melanocytes and are located in the stratum basale of
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the epidermis. Specifically, pigments are located in organ-
elles known as melanosomes in the form of intracellular
granules, which can migrate into other epithelial cells. A
crucial step in human eumelanin biogenesis is the oxidation
of tyrosine by the enzyme tyrosinase to dopaquinone. In
subsequent reactions, the two main building blocks of the
eumelanin polymer, namely 5,6-dihydroxyindole (DHI) and
5,6-dihydroxyindole-2-carboxylic acid (DHICA) are formed
[1]. Although the detailed structure of human eumelanin is
unknown, recent studies provide strong evidence that it is
composed of aggregates of small oligomers containing about
five monomer units (DHI/DHICA or their corresponding
indole quinones) [4]. Eumelanins also contain about 10~15%
protein [5].

Human skin is classified into six types (phototype I to VI)
with respect to decreased susceptibility to sunburn, which in
turn, correlates with progressively darker skin colour [6].
Skin depigmentation is applied in the medical field for dis-
orders underlying hyperpigmentation, as well as in cosmetic
skin lightening. Consequently, efforts have been made to
find more effective skin-whitening agents [7]. Prevention of
melanogenesis can lighten skin colour, and consequently,
tyrosinase inhibitors have been extensively examined [8-16].
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Recently, it was discovered that inhibition of the transfer of
melanosome into keratinocytes also results in skin lightening
[17]. Such inhibitors however, may have undesirable side
effects and may even be toxic [7,18-20]. For this reason, new
approaches are currently being sought.

An alternative way of skin lightening is the decolouring of
melanin pigment. Although melanins are very stable com-
pounds, under special conditions chemical or photochemical
degradation is possible [21] as well as biodegradation by
fungi [3]. Some fungi have been reported to degrade specific
melanins of different origins [22-25] and we hypothesised
that fungal melanolytic enzymes could be produced for a
potential application in cosmetics. Our aim was to identify
the appropriate enzyme in a selected melanolytic fungus and
assess its skin depigmentation ability.

MATERIALS AND METHODS
Screening of Fungi

We isolated approximately 700 fungal strains from soil
and air in different geographical regions for testing of their
ability to decolourise melanin. We modified Liu ez al. [23]
agar medium to 10 g glucose, 2 g malt extract, 4 g MgSOy,-
7H,0, 1 g KH,PO,4, 0.01 g FeSO,, 0.005 g ZnSO,, 0.2 g
synthetic melanin (Sigma-Aldrich Chemie, Steinheim, Ger-
many), and 15 g agar per litre of distilled water (pH of me-
dium was 7.0). After autoclaving for 20 min at 121°C we
poured the medium into sterile petri dishes, which were
cooled, spot inoculated with fungi, and incubated at room
temperature (~24°C) for several days. The extent of decol-
ouring of the dark medium under and around the fungal col-
ony was observed and diameter of the zone was measured
daily. The active strains were identified taxonomically.

Enzyme Production in Shaken Cultures

We selected the fungus Sporotrichum pruinosum for this
study for its potential decolouring activity. The fungus grew
in shaken flasks to produce the melanolytic enzymes. We
modified the culture medium from TomazZevi¢ and Perdih
[26] to 10 g glucose, 0.2 g yeast extract, 0.07 g veratryl alco-
hol, 3.0 g tartaric acid, 1 g Tween 80, 0.2 g KH,PO,, 0.146 g
CaCl,2H,0, 0.157 g (NH4),HPO,, 0.05 g MgSO47H,0,
42.5 mg ZnSO,7H,0, 3.38 mg (0.02 mM) MnSO4H,0, 7
mg CoCl,'6H,0, 7 mg CuCl,2H,0, 0.54 mg FeCl;, and 0.9
mg NaCl per litre of distilled water, and adjusted the pH of
the medium to 4.5 with NaOH. Next, we poured 100 mL
aliquots into 500 mL flasks followed by autoclaving at
121°C for 20 min. The inoculum was prepared from fungal
cultures grown on malt extract agar slants at 30°C for 10
days. The spores from one slant were suspended in 25 mL of
sterile water and the obtained suspension (10°~10" spores/
mL) was used in aliquots of 5 mL to inoculate 100 mL of the
medium. We incubated the flasks on a rotary shaker (New
Brunswick Scientific, Edison, NJ, USA) at 30°C and 100
rpm for up to 10 days. Duplicate samples were collected

periodically by filtering the culture broth through “black
ribbon” filter paper (Schleicher & Schuell, Dassel, Germany),
followed by testing the filtrate for melanolytic activity. We
optimised the medium during the experiments by varying the
content and concentrations of %lucose, Mn2+, and trace ele-
ments (Zn>*, Co*, Cu**, and Fe™).

Enzyme Production in Bioreactor

To scale up the process we produced the melanolytic en-
zymes within an Infors ISF-100 stirred bioreactor vessel
(Infors, Bottmingen, Switzerland) of 5 L working volume.
When optimising the process parameters we mounted a ma-
rine type impeller to the bottom of the bioreactor vessel and
an autoclavable cylindrical plastic net on the inner side to
immobilize the fungal mycelium. The optimised medium
was poured into the bioreactor vessel, autoclaved at 121°C
for 20 min and after cooling it was inoculated by 50 mL of S.
pruinosum spore suspension (10°~10" spores/mL). We per-
formed the fermentation at 30°C, aerated initially at 0.6 vvm
followed by an increase to 1 vvm after 48 h due to a steady
decrease in dissolved oxygen concentration. The agitation
rate was 80 rpm throughout the process and pH and the dis-
solved oxygen concentration in the bioreactor were meas-
ured on-line by means of corresponding electrodes. About
20 mL of the broth were taken each day, filtered, and the
filtrate analysed for soluble proteins, reducing sugars and
enzyme activity. After 10~11 days, the process was stopped
and the broth was filtered through a black ribbon filter paper.
The filtrate was subsequently frozen at —20°C.

Preparation of Enzyme Powder

To remove extracellular polysaccharides, the filtrate was
frozen overnight, thawed and after filtration (black ribbon
filter paper) the precipitate was discarded. The filtrate was
filtered through a 0.22 pm membrane (Millipore, Bedford,
MA, USA) and then concentrated by an ultrafiltration device
Viva-flow (Vivascience, Hannover, Germany) with 10 kDa
cut-off membrane. The retentate was desalted by dialysis and
lyophilised (Micro Modulyo, Edwards, Cambridge, UK) to
produce an active enzyme powder for skin-lightening tests.

Analyses

To quantify soluble proteins we used the bicinchoninic
acid (BCA) method according to the manufacturer’s instruc-
tions (Sigma-Aldrich Chemie). In addition, we measured
reducing sugars according to Miller [27] with some modifi-
cations. Briefly, a sample solution was mixed (1:1) with a
reagent consisting of an aqueous solution of 1% 3,5-
dinitrosalicylic acid, 1.6% NaOH, and 2 mM EDTA (added
to prevent interference of Mn”* ions from the medium). The
mixture was incubated at 100°C for 5 min and diluted with
distilled water (1:2.5). We measured the absorbance at 540
nm against the blank prepared in the same way but replacing
the sample solution with distilled water.

We measured melanolytic activity as the activity of man-
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Fig. 1. Screening fungi for decolouration of synthetic melanin in
agar plates: (A) control, (B) Stropharia coronilla, (C)
Geotric-hum sp., (D) Sporotrichum pruinosum.

ganese peroxidase using 2,6-dimethoxyphenol (DMP) as a
substrate [28]. The reaction was conducted in a malonate
buffer at pH 4.5 with 80 mM DMP in the presence of
MnSO,. We added hydrogen peroxide to initiate the reaction
and we measured the synthesis of the product spectropho-
tometrically at 468 nm continuously over the first 120 sec.
The amount of the enzyme producing 1 pmol of the product
per minute had one unit of enzyme activity.

To study the stability we examined the enzyme activity
over seven days by incubating it in malonate buffer (pH 4.5
and 4, 20, or 30°C). Aliquots of the enzyme solution were
withdrawn in time intervals (see Fig. 3) and the melanolytic
activity was measured.

Skin-whitening Experiments

We first tested the whitening effect of the enzyme on cor-
neocytes of human skin epidermis (phototype III). For this
purpose the uppermost layer of the epidermis (stratum
corneum) was removed from the skin using an adhesive
band. The thin layer of corneocytes remaining on the band
was incubated in 50 pg/mL of the melanolytic enzyme and

phosphate-buffered saline (PBS) at pH 7.0 and 37°C for 24 h.

We then rinsed the corneocytes with PBS and then stained
them according to Fontana-Masson protocol [29] with col-
loidal silver prior to microscopic observation. We then quan-
tified the melanin lightening in percentage using the com-
puter image-processing package Visilog 5.4 (Noesis, Les
Ulis, France). In addition, we counted the number of melanin
granules per unit area using the statistics Statgraphic Plus 5.1
(Sigma-Plus, Levallois-Perret, France). The results were
presented as a melanin content index, which is defined as the
ratio between the average number of melanin granules in a
corneocyte and the average surface area of a corneocyte.

To test the effect of the enzyme on skin we prepared an
enzyme solution in PBS buffer, we sterilized the solution by
filtration (0.22 pm). Pieces of human skin (phototype V -
black skin) were obtained from biopsies of plastic surgery.
The epidermis was separated from the dermis by incubation
in 2 N NaBr for 105 min at 37°C, and placed into the sur-
vival medium to preserve optimal conditions for the biopsy
(following the instructions of the research centre BIO-EC,
Clamart, France). The enzyme solution was added, resulting
in a final melanolytic enzyme concentration of 50 pg/mL.
We then incubated the samples at 37°C for 24 h. We rinsed
the pieces of epidermis with PBS at 37°C and examined
them with an optical microscope for depigmentation. We
compared the degree of whitening by image analysis as
stated above. We used the epidermis incubated in buffer
without the enzyme as a negative control, and the epidermis
incubated with a known chemical whitening agent according
to Kligman and Willis (containing 0.1% tretinoin, 5.0% hy-
droquinone, 0.1% dexamethasone, and hydrophilic oint-
ment) [30] as a positive control.

To examine whether the melanolytic enzyme could act as
inhibitor of melanin synthesis we tested its eventual effect on
the dopa oxidase, the key enzyme in melanogenesis. The
separated epidermis (as the source of the dopa oxidase) was
fixed by formol buffer (pH 7.0, 0.05 M), rinsed and incu-
bated for 1 h in the presence of L-dopa (3,4-dihydroxy-L-
phenylalanine) and the melanolytic enzyme, 0.005% (w/w).
The samples, incubated in PBS, served as a negative control,
while the samples incubated in 0.015% (w/w) kojic acid (a
dopa oxidase inhibitor), served as a positive control. After
incubation, spots of melanin were counted by optical mi-
Croscopy.

RESULTS
Screening of Fungi for Melanolytic Activity

We screened approximately 700 fungal strains (commonly
present in air and soil) on agar plates for melanolytic activity
and found only five of the fungi tested to have the ability to
decolourise the pigment. They belong to the following four
species: S. pruinosum, Stropharia coronilla, Geotrichum sp.,
and a wood fungus with a blue coloured mycelium that could
not be taxonomically identified due to lack of sporulation.
We report the decolouring of agar plates containing synthetic
melanin by the three most active fungi in Fig. 1. We found S.
pruinosum to completely decolourise the pigment over the
whole agar plate (Fig. 1D), and in turn selected it for our
study of melanolytic enzyme production in an aerobic sub-
merged culture.

Development of Enzyme Production Process

We introduced the medium with the synthetic melanin (as
used in agar plates) for the development of submerged
melanolytic enzyme production, but it did not yield any
promising results. Similarly, the quantification of mel-
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Table 1. Concentration and purification steps and their efficiency

Quantity Enzyme activity Total activity Yield Soluble proteins Specific activity
(mL) (UL) (C)] (%) (mg/L) (Uig)
Filtrate 4,090 104 425 100.0 160 650
Retentate 190 2,019 384 90.2 860 2,348
Lyophilysate 700% 487° 341 80.2 236° 2,064

2ln mg, ®in U/g, °in mg/g.
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Fig. 2. Time course of fermentation parameters during enzyme
production in a stirred bioreactor (L], enzyme activity; A,

soluble proteins; O, pH; #, reducing sugars).

anolytic activity by spectrophotometric analysis of melanin
decolouring by the culture filtrate was unsuccessful. S. prui-
nosum is an anamorph of the fungus Phanerochaete chryso-
sporium, and according to Butler and Day [24] manganese
peroxidase (one of its ligninolytic enzymes) is responsible
for the degradation of fungal melanin by this fungus. Ac-
cordingly, we adopted a cultivation process, which induced
the synthesis of ligninolytic enzymes [26]. The enzymatic
activity was measured using DMP as a substrate [28] in
place of melanin and hence, a production process was devel-
oped. The initial medium was further optimised, since we
found that an increase in enzymatic activity was achieved
after the glucose concentration was reduced from 10 to 1 g/L.,
and the Mn”* concentration increased from 0.02 to 0.2 mM.
Higher concentrations of Mn?* jons (1 and 2 mM) and the
addition of other trace elements (especially Zn** ions) dimin-
ished enzyme activity. Therefore, in the optimised medium
we adopted new concentrations of glucose (1 g/L) and Mn**
(0.2 mM), and we omitted Zn**, Co**, Cu”*, and Fe’*. All
other constituents remained in the initial concentrations.
With the optimised medium, the process was scaled-up
and carried out in a 5-L stirred bioreactor. We found that a
simple transfer was not possible since the fungus did not

form pellets in the bioreactor as it did in the shaken flasks.
Furthermore, the mycelium grew on the walls and bottom of
bioreactor vessel, as well as on the impeller. Under such
conditions, the mycelium could not be uniformly aerated and
no enzyme production could be detected. Because the fungi
had a tendency to attach to solid surfaces, we inserted a cyl-
inder made of a sterilisable plastic net mounted parallel to
the walls of the vessel. The mycelium attached itself on the
net and grew as a thin film. The enzymatic activity could
only be detected in an appreciable amount when a gentle
agitation of 80 rpm by a marine type impeller was performed.

We could not monitor the consumption of dissolved oxy-
gen, which is an indicator of fungal growth, past the initial
lag phase of about 50 to 60 h because the mycelium grew on
the electrode. The time courses of the measured parameters
during enzyme production in a bioreactor are depicted in Fig.
2. The concentration of reducing sugars decreased steadily to
the point of non-detection at 65 h. The pH of the broth
reached its minimum at the same time and subsequently
began to rise. We first observed enzymatic activity at about
95 h, which was 30 h after the non-detection of sugar and
minimum pH. The maximal activity of nearly 140 U/L was
attained at about 200 h. Up till about 100 h we observed a
steady decrease in soluble proteins which corresponded to
the consumption of the proteins in the medium. Later, the
production of proteins, including enzymes, overcame the
decrease of the soluble protein amount.

Enzyme Preparation and Skin Depigmentation

We harvested the extracellular enzyme produced in the
bioreactor at the time of maximal activity. Next, after elimi-
nation of extracellular polysaccharides we partially purified,
and concentrated the enzyme by ultrafiltration, dialysis, and
lyophilysation to obtain an enzyme preparation for skin-
whitening tests (Table 1). In the ultrafiltration step we ob-
served a 95% reduction in the volume, while the enzyme
activity increased by nearly the same factor. Only a 10%
decrease in the total activity was observed in this step. We
obtained a yield of ~80% after dialysis and lyophilysation
steps. We judged (by the specific activity of the soluble pro-
tein) the enzyme preparation to be more than three times
purified compared to the initial culture filtrate (Table 1).

For determination of enzyme stability we incubated the
enzyme preparation in a buffer solution at 4, 20, and 30°C.
Over the course of seven days, we observed a steady de-
crease in stability at each temperature (Fig. 3). Enzyme in-
cubated for one week at 4 and 20°C retained 92 and 81% of
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Fig. 3. Stability of melanolytic enzyme solution at different incu-
bation temperatures (m, 4°C; O, 20°C; A, 30°C).

the initial activity, respectively. At 30°C half-life of the en-
zyme activity was 6 days.

We tested the enzyme powder for skin depigmentation
ability; however, the Mn?* ions and H,0,, necessary in the
enzyme activity measurements, were omitted since their use
in cosmetics is unacceptable. Despite this, the experiments
on corneocytes from human skin epidermis of phototypes III
showed promising results. After 24 h of incubation at 37°C
with the melanolytic enzyme (50 pg/mL) the melanin con-
tent in the corneocytes decreased by 50% compared to the
control sample (Fig. 4).

The depigmentation activity of the produced enzyme was
confirmed with the samples of skin epidermis phototype V.
We observed the fungal melanolytic enzyme to decolourise
the human eumelanin to the same degree as the chemical
formulation of Kligman and Willis [30].

It is known that the Kligman and Willis skin whitening
formulation works by inhibiting melanin synthesis. We
wanted to further discover whether the fungal melanolytic
enzyme also had the same activity. Therefore, the enzyme
was incubated with L-dopa in the presence of the epidermis
as a source of a dopa oxidase. We found no difference be-
tween the negative control (buffer) and the melanolytic en-
zyme, while kojic acid, a known inhibitor of dopa oxidase
[7,31] inhibited L-dopa oxidation for 98%. We confirmed
that the melanolytic enzyme did not inhibit melanin synthe-
sis.

DISCUSSION

In this study we investigated the possibility of using an
enzyme for skin depigmentation. Previous reports have stud-
ied microbial degradation of melanins for different purposes.
Luther and Lipke [22] attempted to elucidate the natural
degradation of melanins from different sources by soil mi-
croorganisms and found an Aspergillus fumigatus strain with
significant melanolytic activity. In several studies research-
ers attempted to degrade melanins of a microbial origin as a
means of decolourising wastewater from antibiotic produc-
tion [23] and as a biological control against melaninized
plant pathogenic [24] or wood degrading [25] fungi. While
bacteria were not able to degrade melanin, some fungi were
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Fig. 4. Lightening of melanin in corneocytes (phototype IIl): (A)
photo left, control; photo right, corneocytes after 24 h in-
cubation with melanolytic enzyme at 37°C. (B) Quantifi-
cation of lightening by determination of melanin content
index.

effective in doing so [25]. From these studies, various spe-
cies of fungi were reported as the species of choice including
an Acrostaphylus sp. belonging to fungi imperfecti [23], an
ascomycete Galactomyces geotrichum [25] and a ligni-
nolytic white rot fungus P. chrysosporium [24], which sug-
gested that an appropriate melanolytic enzyme of fungal
origin may exist. We then decided to begin the study with a
large scale screening experiment. However, only a very lim-
ited number of strains were able to decolourise synthetic
melanin. Among these S. pruinosum (a wood decaying fun-
gus, which degrades lignin and causes white rot) was the
most promising. Previous studies reported the whole melan-
oprotein is structurally related to humic acid and lignin [5]
and therefore, it is not surprising that the ligninolytic and the
melanolytic activities are closely related. Our results are
consistent with those of Butler and Day [24], which reported
that melanin (in their study of fungal origin) was degraded
by white rot fungi. The species selected in their study, P.
chrysosporium, is actually a teleomorph of S. pruinosum.
The same authors found that the enzyme responsible for
fungal melanin degradation by P. chrysosporium was man-
ganese peroxidase, which is one of the ligninolytic enzymes.
Similarly, we found that our enzyme, which expressed man-
ganese peroxidase activity, could decolourise human skin
melanin (even though its composition differs from that of
fungal melanins). The use of a medium to induce ligni-
nolytic enzyme synthesis and measurement of manganese
peroxidase activity as an indicator for melanolytic activity
proved to be appropriate. Moreover, enzyme samples with
higher activity were also more effective in decolourising



Biotechnol. Bioprocess Eng. 205

human eumelanin. While enzyme production in shaken
flasks was accomplished after introduction of a suitable me-
dium, the scaling-up into a stirred bioreactor demanded more
effort. The fungus, which in nature grows on wood, tended
to attach itself in clumps onto solid surfaces. To assure ho-
mogeneous oxygenation and enzyme activity, mycelium
immobilization in combination with gentle stirring of the
medium was necessary. Under these conditions, sufficient
amounts of enzyme were produced in a bioreactor and a
partially purified, concentrated powder could be prepared.
The enzyme was rather stable in the buffer solution even at
20°C and its stability could be further improved by the ap-
propriate formulation of a cosmetic preparation. The enzyme
was then used for skin depigmentation tests. The usual addi-
tion of Mn?* ions and a small amount of H,O,, which were
present during enzyme activity measurement on DMP, had
to be omitted and the enzyme was applied alone. Contrary to
expectations, the depigmentation of human skin samples
with the enzyme was effective without applying any of the
two additives. It is possible that these substances are already
present in the skin or that some other ion and oxidant fulfils
their role.

CONCLUSION

Here, we present the first report of a fungal enzyme used
for bleaching of human eumelanin in skin. The screening of
fungi for melanolytic activity revealed an active S. pruino-
sum strain, which cultivated under properly selected culture
conditions (suitable medium composition, mycelium immo-
bilisation, gentle stirring) could produce an extracellular
melanolytic enzyme in a stirred bioreactor. The concentrated
and partially purified enzyme could successfully depigment
human skin samples. Our results demonstrated that contrary
to the known whitening agents, the enzyme does not act as
an inhibitor of pigmentation but rather as a real whitening
agent of the already formed melanin. This new approach of
using a melanin decolouration enzyme appears to be promis-
ing and is important because the enzyme is of biological
origin, and will be more acceptable for cosmetic purposes
than chemical formulations. Thus, it opens a new way of
using the melanolytic enzymes in skin whitening.
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