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Abstract Using air- or Fe**/H,0,-mediated oxidation, the formation of melanin-like pigments from L-DOPA was
evaluated. The effects of the various reaction conditions on the efficiency of the reaction and the physic-chemical
properties of the pigments generated (UV-Vis absorbance, fluorescence emission) was evaluated. As previously
observed for other phenolic and indolic compounds, the use of high concentrations of H,0, resulted in melanin-like
materials with a much lighter color. In addition, we observed that, unlike for air-mediated oxidation, the Fe*"/H,0,-
mediated oxidation of L-DOPA can yield melanin-like pigmentation in an acidic environment. In general, our results
suggest that depending on the intensity of the oxidizing reaction conditions involved, light- or dark-colored melanin-
like pigments can be generated from L-DOPA. This may be an important factor when evaluating the visible outlook
of histological specimens: the presence of a lighter color or the absence of a dark color may not necessarily mean the
absence of melanin-like biomolecules. We discuss all our observations in the context of the importance of melanin-

like pigmentation in human physiology.
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1. Introduction

Melanins (MNs) are darkly colored pigments
ubiquitously found in nature and excellent reviews
regarding their biosynthesis, chemistry, classification
and functions have been written.[1, 2] The precise
chemical structure of the MNs is not firmly
established. Based upon degradation reactions
involving oxidation in an alkaline environment,
various model structures have been proposed and it
has been suggested that MNs should be described as
“heterogenous polymers derived by the oxidation of
phenols and subsequent polymerization of
intermediate  phenols  and  their  resulting
quinones”.[2] The main MN pigments found in
mammalian cells are eumelanin and pheomelanin.
Eumelanin is built from L-DOPA, an oxidation
product of L-tyrosine and have a dark brown to black
color. Pheomelanin is built from a combination of L-
DOPA and L-cysteine and are typically reddish in
color.[2]

MNs are found in melanocytes, stored in
specialized organelles, the melanosome.[3] The
formation of melanosomes is a complex, multi-stage
process.[4] The biosynthesis and enzymology of
MNs in melanocytes have been extensively studied
and reviewed.[5] In this context the enzyme
tyrosinase has received a lot of attention.[5] This
enzyme is responsible for the first steps of the MN
biosynthesis: the hydroxylation of L-tyrosine to L-

DOPA and subsequent oxidation to L-dopaquinone.
In addition to tyrosinase, the premelanosome protein
(PMEL, also known as PMEL17. SILV or gp100) has
been discussed as an important contributor to the
biosynthesis of MNs.[6] PMEL is an amyloid protein
that forms a fibrous matrix inside early stage
melanosomes upon which the pigment is deposited.
Regulation of pH levels inside melanosomes is
another important factor determining MN synthesis
as the enzymatic or non-enzymatic formation of MNs
from DOPA does not proceed in acidic environments.
Proteins like two-pore channel 2 (TPC2) have been
identified as important regulators of melanosome
pH.[7] An additional class of MNSs, the so-called
neuromelanins (NMs), is built from L-DOPA or
catecholamines like dopamine or norepinephrine.[2,
8, 91 NMs are considered an aberration from the
normal  metabolization pathways for these
catecholamines and have been associated with
oxidative stress conditions.[10-12]

Using L-DOPA or catecholamines as precursors,
MNs can readily be synthesized in an alkaline
environment in the presence of an oxidizing
agent.[13-15] In previous reports we have presented
our observations regarding the synthesis of MN-like
pigments from a multitude of precursors using
polysaccharides (PS) or a combination of Fe*" and
H,0,.[16-21] We observed that many PS can
promote the formation of MN-like pigments using
different types of precursors leading to darkly colored



solutions or materials. Despite the obvious presence
of a darkly-colored pigment, the PS/pigment
complexes tended to contain mostly PS material with
very little pigment bonded to it as judged from FT-IR
analyses.[20, 21] Using Fe®*/H,0, as the oxidizing
combination, we generated MN-like pigments that in
appearance could be light- or dark-colored,
depending on the intensity of the oxidizing reaction
conditions.[17, 18]

We have expanded these earlier observations by
studying the synthesis of MN-like pigments from L-
DOPA using air-oxidation in an alkaline environment
or Fe?*/H,0,-mediated oxidation. The air-mediated
oxidation of L-DOPA vyielded darkly-colored
materials when pH levels were above 6.0. The higher
the pH of the reaction mixture, the more efficient the
reaction appeared to be. The Fe?*/H,0,-mediated
oxidation yielded light- or dark-colored pigments
even under acidic conditions. The use of high
concentrations of H,O, resulted in melanin-like
materials with a much lighter color.

2. Experimental Section

2.1. Materials

L-3,4-dihydroxyphenylalanine  (L-DOPA)  was
obtained from Sigma-Aldrich (St Louis, MO). H,0,
solution at 3% (v/v) was obtained from Kroger Co
(Cincinnati, OH) and used within one month of their
purchase. FeCl,.2H,0 and all other chemicals were
obtained from Fisher Scientific (Waltham, MA). Fe*
solutions were prepared in distilled water just prior to
the start of the reactions.

2.2. Air-mediated synthesis of L-DOPA-

based pigments

About 25mg L-DOPA was dispersed in 25mL
distilled water, buffer (25mM phosphate, bicarbonate
or acetate) or other solutions (25mM NaOH or 256mM
NaOH mixed with HCI) with pH values ranging from
2.6 to 11.7 at room temperature (RT). At different
time points, 500uL aliquots from these mixtures were
diluted with 500uL distilled water and centrifuged.
Aliquots (200uL) of these centrifuged mixtures were
placed in wells of a microplate for absorbance or
fluorescence spectroscopy measurements or were
diluted with 800uL solvent for chromatographic
analysis.

2.3. Fe?*/H,0,-mediated synthesis of L-
DOPA-based pigments

In a first series of experiments, about 25mg L-
DOPA was dispersed in 25mL aqueous mixtures
containing 0.3mM Fe?* and H,0, with concentrations
ranging between 0 and 1% v/v. In a second series of

experiments, about 25mg L-DOPA was dispersed in
25mL acetate buffer with pH values at 4.4, 3.8 or 3.1
and containing 0.3mM Fe?" and 0.1% v/v H,0,. All
mixtures were kept at RT. At different time points,
500uL aliquots from these mixtures were diluted with
500uL distilled water and centrifuged. Aliguots
(200uL) of these centrifuged mixtures were placed in
wells of a microplate for absorbance or fluorescence
spectroscopy measurements or were diluted with
800uL solvent for chromatographic analysis.

2.4. UV_Vis spectroscopy

UV/Vis spectroscopic measurements were made in
wells of a 96-well microplate using the SynergyHT
microplate reader from Biotek (Winooski, VT).

2.5. Fluorescence

Fluorescence measurements were made in wells of
an opaque 96-well microplate using the SynergyHT
microplate reader from Biotek (Winooski, VT) with
excitation filter set at 360nm, emission filter set at
460nm and sensitivity factor set at 75.

2.6. Size exclusion chromatography (SEC)

SEC analyses were performed as described
elsewhere.[22] The peak corresponding to L-DOPA
was integrated for the signal at 275nm to determine
the area-under-the-curve (AUC) as a measure of the
concentration of L-DOPA present in the aliquots
from the reaction mixtures.

2.7. FT-IR spectroscopy
FT-IR spectroscopic scans were made as described
elsewhere.[22]

3. Results
3.1. Air-mediated synthesis of L-DOPA-

based pigments
Fig.1 shows photographs taken of this experiment
at various time points.

Fig.1: Photographs of 25mL mixtures containing 25mg DOPA in
aqueous solutions at pH values = (from left to right) 11.7, 6.5, 9.1,
5.3,2.6, 6.7, 7.85, 5.7 and distilled water; kept at RT for 4h, 24h, 5
days and 17 days.



The mixture at pH=11.7 immediately turned
yellow-orange in color and was black in appearance
within 24h of the start of the experiment. The
mixtures at pH=7.85 and 9.1 had turned black in
appearance as well within 24h, but this change in
color progressed slower than the mixture at pH=11.7.
Of all the other mixtures, only those with a pH value
above 6.0 showed hints of a dark color after 24h of
reaction. After five days of reaction, the mixture at
pH = 6.7 had turned black in appearance, while the
mixture at pH = 6.5 had significantly darkened in
appearance. After 17 days of reactions the darkening
of the mixtures with pH values above 6.5 had
intensified. Fig.2 presents time profiles of the
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changes in absorbance at 400nm (panel A),
fluorescence emission (panel B) and % L-DOPA
remaining (panel C) for the reaction mixtures in
buffers with pH values at 11.7, 9.1, 7.85 or in
distilled water. The % L-DOPA remaining was
estimated by comparing the AUC corresponding to
L-DOPA in any reaction mixture to the AUC
corresponding to L-DOPA for the reaction mixture at
pH = 2.6. The absolute value of the AUC
corresponding to L-DOPA of that particular reaction
mixture fluctuated without any particular pattern and
for the four analyses performed during the course of
the experiment the absolute value varied with a
relative standard deviation of 5%.
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Fig.2: Kinetic profile of the changes in absorbance at 400nm (panel A), fluorescence emission (panel B) and % L-DOPA remaining (panel C) for
25mL reaction mixtures containing 25mg L-DOPA in buffers with pH values at 11.7, 9.1, 7.85 or in distilled water.

Fig.3 presents the SEC profiles of the reaction
mixture at pH = 11.7 at various time points of the
experiment.  Panel A presents the SEC

chromatograms for the absorbance at 230nm, while
panel B presents the UV-Vis spectra of the peak with
retention time between 12.7 and 12.8 observed in
these SEC profiles.
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Fig. 3:: SEC profiles (panel A) of a 25 mL reaction mixture containing 25mg L-DOPA in buffer with pH = 11.7 and the UV-Vis spectra (panel
B) of the peak with retention time between 12.7 and 12.8 at various time points of the experiment.

Our observations and analyses are in line with the
well-known fact that L-DOPA generates dark, MN-
like pigments in non-acidic environments. However,
it appears that very little reactivity was required to
generate the appearance of dark pigment. The
reaction mixture at pH = 7.85 looked black in
appearance after 24h of reaction, but only 10% of L-
DOPA had reacted away. In the reaction mixture at
pH = 11.7, L-DOPA reacted away completely within
48h. In this mixture, the absorbance at 400nm
increased rapidly within the first 24h, only to level
off and decline. The kinetic profile of the
fluorescence emission of this mixture exhibited an
inverse pattern. The reaction mixtures at pH = 9.1 or
7.85 exhibited a linear increase of absorbance at
400nm as a function of reaction time; correlating
with a steady decline in the % L-DOPA remaining.
These mixtures exhibited no fluorescence emission.

SEC analyses of the reaction mixtures typically
showed two peaks. A peak with retention time of
about 15 minutes that corresponds to L-DOPA and a
peak with retention time between 12.5 and 13
minutes. This latter peak corresponds to a high
molecular mass material and the retention times were
similar to the retention times observed for the
formation of MN-like pigments from a wide range of
other precursors.[17, 18, 23]. Figure 3, panel B,
shows the UV_Vis spectra of the high molecular
mass peak in the SEC chromatograms of the reaction
mixture at pH = 11.7. The spectrum exhibits a
prominent absorbance band with maximum around
270nm. Similar UV_Vis spectra were observed for
the high molecular mass materials generated from L-
DOPA in the reaction mixtures at pH = 9.1 or 7.85
(results not shown). The prominence of this peak
appeared to decline with increasing reaction times

and the significance of all these observations is not
clear at this moment.

3.2. Fe?*/H,0,-mediated synthesis of L-

DOPA-based pigments

In a first series of experiments, the effect of the
concentration of H,O, on the pigment formation from
L-DOPA was evaluated. Fig.4 shows photographs
taken of this experiment at the start of the experiment
and after three days of reaction at RT.

At start of reaction

After three days

Fig. 4: Photographs of 25mL reaction mixtures containing 25mg
L-DOPA, 0.3mM Fe?" and, from left to right, 0, 0.01, 0.03, 0.06,
0.12, 0.24, 0.48, 0.72, 1.0% v/v H,0O, at the start of the experiment
and after three days of reaction at RT.



All mixtures, except for the one without any H,O,,
turned dark in color immediately upon the addition of
H,0,. After three days, the mixtures containing the
higher concentrations of H,0O, (0.48, 0.72 and 1.0 %
v/v) had developed a much lighter color. The
mixtures containing the lower concentrations of H,0,
(0.01, 0.03, 0.06 and 0.12 % v/v) had remained black
in appearance. The mixture containing 0.24% v/v
H,O, had partially lightened up in color; having
attained a brownish color. Fig. 5, panel A, presents
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the absorbance at 400nm as a function of the
concentration of H,O, used in the reactions after 2.5h
and three days of reaction. Fig. 5, panel B, presents
the fluorescence emission as a function of the
concentration of H,0, used in the reactions after
three days of reaction. Fig. 5, panel C illustrates some
typical SEC profiles obtained for select reaction
mixtures, while Fig 5, panel D, presents the UV-Vis
spectra of the peaks with retention time between 12.7
and 12.8 observed in these SEC profiles.
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Fig. 5: Effect of H,O, concentration in 25mL reaction mixtures containing 25mg L-DOPA and 0.3mM Fe®* on the absorbance at 400nm (panel
A) after 2.5h or three days of reaction and on the fluorescence emission (panel B) after three days of reaction. SEC profiles (panel C) and
UV_Vis spectra (panel D) of the peaks with retention time between 12.7 and 12.8 observed in these SEC profiles of aliquots from reaction

mixtures containing 0.12% or 0.72% v/v H,0, after three days of reaction.

Fig. 5, panel A, illustrates the observation that,
although all mixtures initially developed a dark color,
those mixtures containing the higher concentrations
of H,0, developed a much lighter color later in the
reaction. A pattern of results similar to what has been
observed for the Fe?*/H,0,-mediated generation of
MN-like pigments from a multitude of different
precursors.[17] In addition, the results shown in Fig.
5, panel B, indicate that the pigments generated in the
presence of higher concentrations of H,0, exhibited
enhanced fluorescence emissions. This pattern of
observations is in line with what has been observed
for MN-like pigments generated from other

precursors.[17, 18] The typical SEC profiles shown
in Fig. 5, panel C, indicate peaks corresponding to
high molecular mass materials (retention time about
12.8 minutes), unreacted L-DOPA (retention time
about 15 minutes) and excess H,0, (retention time
about 16 minutes). The UV_Vis spectra
corresponding to the high molecular mass peaks are
shown in Fig. 5, panel D. They show the typical
increasing absorbance with decreasing wavelength
for MN-like pigments, with no prominent absorbance
bands as seen in the materials generated through air-
oxidation in an alkaline environment (see Fig. 3,
panel B).



As the air-mediated oxidation of L-DOPA into MN
requires pH values close to neutral or above, we
briefly studied the effect of an acidic environment on
the Fe?'/H,0,-mediated oxidation of L-DOPA as
described in the section 2.3. Fig. 6 shows
photographs taken of this experiment 1.5h and 48h
after the start of the reaction.

After 1.5h After 48h

Fig. 6: Photographs after 1.5h and 48h of reaction of 25mL
reaction mixtures containing 25mg L-DOPA, 0.3mM Fe* and
0.1% v/v H,0O; in 25mM acetate buffer with pH values at, from
left to right, 4.4, 3.8 and 3.1 kept at RT.

Immediately upon the addition of H,O,, the three
mixtures turned a dark color. After 48h, the mixture
at pH=3.1 appeared to have lightened up in color.
Fig. 7 presents the absorbance at 400nm and the
fluorescence emission of the mixtures as function of
the pH after 48h of reaction.
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Fig. 7: Effect of pH on the absorbance at 400nm and fluorescence
emission of 25mL reaction mixtures containing 25mg L-DOPA
and 0.3mM Fe? and 0.1% v/v H,0, after 48h of reaction at RT.

The results presented in Fig. 7 show a trend that the
absorbance of the mixtures decreased with decreasing
pH values (as reflected in the lighter color of the
reaction mixture at pH = 3.1l; see Fig. 6) and the
fluorescence emission increased with decreasing pH
values. SEC profiles and UV_Vis spectra of the
peaks corresponding to the high molecular mass
pigment materials of aliquots from these reaction
mixtures were similar to those presented in Fig 5,
panels C and D (results not shown).

4. Discussion

This report expands our earlier observations on the
formation of MN-like pigments from a wide variety
of catecholic or indolic precursors.[16-21, 23] The
chemical processes used to generate these MN-like
pigments are non-enzymatic, using air-mediated (in
the presence of PS or alkaline solutions) or
Fe?*/H,0,-mediated oxidation. Strong alkaline
solutions are very effective in converting catecholic
precursors like L-DOPA (this report), homogentisic
acid[23], catechol or pyrogallol[17] into dark-
colored, MN-like pigments. However, such reaction
conditions are highly unlikely to be present under any
in vivo conditions. When using milder levels of
alkalinity, our current observations involving L-
DOPA do indicate that, despite the fact that only
minimal amounts of L-DOPA reacted away, the
appearance of dark-colored solutions is readily
obtained (see Fig. 1). A similar observation was
made regarding the generation of MN-like pigments
from a wide variety of precursors in the presence of
PS.[16, 19-21] When using PS to generate MN-like
pigments, dark-colored PS/pigment complexes were
readily obtained. However, the FT-IR spectra of the
PS/pigment complexes consistently contained the
spectral features of the PS used in the reaction and no
features of MNs. In the case of a PS/pigment
complex synthesized from L-DOPA, the contribution
of the pigment to the overall complex was estimated
to be between 1.4 and 2.4% w/w and yet the
PS/pigment complex was a darkly-colored
substance.[21]

For the generation of MN-like pigments from
various precursors through Fe?*/H,0,-mediated
oxidation, the use of low concentrations of H,0,
leads to the appearance of dark-colored solutions (see
Fig. 4) despite the fact that only minimal amounts of
precursor reacts away as observed for L-DOPA in
this report and for other compounds.[17] When using
increasing concentrations of H,O, the amount of
precursor reacting away increases accordingly.
Interestingly, the use of higher concentrations of
H,O, leads to the appearance of dark-colored
solutions in the initial stage of the reaction followed
by the lightening up of the colors as observed for L-
DOPA in this report (see Fig. 4) and for other
compounds.[17, 18] As for their dark-colored
counterparts, these light-colored MN-like materials
absorb or diffract light in the UV-range of the
electromagnetic spectrum (see Fig. 5, panel D and
[17, 18]), but markedly less in the visible range of the
electromagnetic spectrum. In addition, the Fe**/H,0,-
mediated oxidation of L-DOPA can generate the
appearance of dark solutions and MN-like materials



under acidic pH conditions as presented in this report
(see Fig. 6).

Mild alkaline conditions and the presence of H,O,
can be expected in vivo. However, it is important to
point out that none of the in vitro reaction conditions
we explored to generate MN-like pigments are likely
to be capable of generating the precursors to the MN
pigments. Thus, enzymes like phenylalanine
hydroxylase[24], tyrosinase[5], dopachrome
tautomerase[25] or tryptophan hydroxylase[26] are
necessary to generate the catecholic or indolic
precursors from tyrosine or tryptophan. However,
such enzymes may not be a necessity to generate the
appearance of the typical dark colors associated with
the presence of MN-like pigments. Non-enzymatic
biomolecules like PS[16, 20, 21] can promote the
oxidation of catecholic or indolic precursors into
darkly-colored materials and the association of MN-
like pigments with extracellular PS materials has
been reported and discussed before.[27-29]
Similarly, the amyloid-like protein
Pmell17/Silver/gp100 is capable of generating MN-
like pigments in vitro or in vivo.[6, 30, 31]
Pmell17/Silver/gp100 is a melanocyte-specific protein
within the matrix of the melanocytes upon which the
MN pigment is deposited and organized.[32-34] It is
worth noting that in the case of lignins, a plant-based
polymeric  substance derived from phenolic
precursors, extracellular proteins containing so-called
dirigent domains are involved in the deposition and
organization of this pigment.[35-37]

Other reports have described the effects of H,O, on
the physical properties of MNs and detailed the loss
of color or enhanced fluorescence.[38, 39] However,
these reports involve the treatment of pre-formed
MNs with H,O,, while our work focuses on the use
of H,O, in the synthesis of MNs. In this and our
previous reports[17, 18] we confirmed that the
presence of high concentrations of H,0O, does lead to
MN-like materials with decreased colored appearance
and enhanced fluorescence emission. However, these
physic-chemically different MN-like pigments do not
appear to undergo any depolymerization as the SEC
retention times of all the MN-like materials are very
similar; independent of the reaction conditions that
generated the pigments. Whether our observations
have any relevance to any MN-related in vivo
situations remains to be seen. However, it is worth
pointing out that for greying of hair or vitiligo,
conditions that are associated with the loss of
pigmentation, the presence of increased levels of
H,0O, has been discussed as a potential contributing
factor to these changes in pigmentation.[40-42] In
addition, the importance of H,O, in the process of
melanogenesis has been discussed before.[24] Our
current and previous observations[17, 18] do suggest

a hypothesis that the absence of dark colors may not
necessarily mean the absence of MN-like molecules,
but could mean the presence of a different type of
MN-like material. It is worth pointing out that the
light-colored MN-like materials generated in the
presence of high concentrations of H,O, do absorb or
scatter light in the UV range of the electromagnetic
spectrum although to a less efficient extent than the
dark-colored materials (see Figure 5, panel D and
[17, 18]). These observations do suggest the
possibility that protection from UV radiation, one of
the main functions of MNs in physiology, does not
necessarily require the presence of molecules that
provide coloration. Our observations do also raise the
hypothesis that any lack of anti-oxidant protection
may lead to an increase in the presence of H,0, or
other reactive oxygen species possibly leading to the
generation of lighter-colored MNs and giving the
impression of a lack of MNs due to a lack of
coloration. In this context it is worth pointing out that
in the cases of vitiligo[43] or of ageing/greying
hair[44] a reduced catalase activity was observed.

With regards to human physiology, the role of
MNs to provide UV protection[45-48] and skin, hair
or eye pigmentation[49, 50] has been and is still
studied extensively. Such functions are not applicable
to the so-called internal MNs.[51] NM present in
certain brain areas is a typical example of an internal
MN. NMs have been discussed as protective agents
through their capacity to sequester transition metal
ions, radical species or toxic organic molecules.[12,
52] Even the production of MN in skin cells has been
discussed as a means to provide protection against
genotoxic  substances.[53]  Alternatively, the
capability to generate MN-like materials may be a
means to neutralize and immobilize potentially toxic
0-quinone oxidation products that may be generated
from catecholamines under oxidative stress
conditions.[9, 54] Similarly, ochronosis, the pigment
synthesis associated with alkaptonuria, may be a
means of sequestering and immobilizing excess
homogentisic acid that may be damaging to
chondrocytes.[55, 56]

Thus far, we have not yet explored the synthesis of
pheomelanin-like pigments by including L-cysteine
in our chemical reactions. As a wide variety of
phenolic and indolic compounds can be turned into
MN-like materials through the action of a wide
variety of enzymatic and non-enzymatic reactions,
the inclusion of L-cysteine in any of these reactions
may further expand the physic-chemical complexity
of the family of MN pigments. In addition, most
studies focus on a single molecule, e.g., L-DOPA or
dopamine, as the precursor of MNs. However, the
fact that multiple different catecholic, e.g, L-DOPA,
dopamine, norepinephrine, epinephrine or indolic,



e.g., serotonin, molecules may be present at the same
time and location, it is conceivable that MN
structures built from mixtures of different precursors
may exist in some cells; particularly if non-enzymatic
factors, e.g., the presence of ROS, are driving the
MN synthesis. When studying the synthesis and the
physical and chemical properties of MNSs, it is
worthwhile to branch out to the reports regarding
other polyphenolic pigments like lignins (as
discussed earlier) or tannins[57] as sufficient
similarities exist regarding the chemistry and the
discussion points between all these polyphenolic
pigments derived from phenylalanine- or tyrosine-
based precursors.
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