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ABSTRACT: Melanin is a natural pigment with broadband 10
absorption and effective ability to dissipate the energy absorbed. Sos
The macromolecular structure of melanin shows a delicate balance b

between short-range ordered and disordered structures without 508
being a random aggregate. The presence of ions or the variation in % 0.4
pH or ionic strength can alter the self-assembly process which §

subsequently changes the structure of melanin. To understand 392
these relationships, this study investigates the influence of ions and 200

0.001 0.01 0.1 1 10 100 1000

pH in melanin formation. The types of ions present and pH have a
profound influence on the formation and structure of melanin
particles, while only minor changes are observed in the absorption and excitation—emission analysis. In some conditions, the
formation of discernible particles with significant refractive index contrast is avoided while retaining the spectroscopic characteristics
of melanin, leading to liquid-like melanin. These findings identify potential pathways which can be used to manipulate the melanin
macromolecular structure while providing the desired spectral properties to enable novel bio-engineering applications.

Lag time (ps)

B INTRODUCTION

Establishing a structure—function relationship has been one of
the key aims of ;rotein research,’ and an important pathway to
drug discovery.” While measurements of molecular constitu-
ents through spectroscopic methods or electrophoresis can

that constitutes melanin; a fundamental unit or building
block. ">

Melanin exists in two primary forms—eumelanin, the typical
black form of the molecule and the reddish-brown
pheomelanin which forms with the presence of amino acid

reveal the function of a molecule or a protein under
investigation,” characterizations through scattering techniques,
fractionations, or imaging can provide structural information
about the object.* Linking structure and function can then lead
to a powerful breakthrough in the understanding of a molecule,
a protein, or a cellular process.” Generating these links proves
difficult when there are multiple inter-related functions or
when the structure shows variations, as happens throughout
living organisms.

Melanin comes with both these problems; it is a macro-
molecule well known for its broadband absorbance, and it
usually forms various particles.”® Melanin, typically synthe-
sized by melanosomes, acts as a photo-protector to defend
against UV radiation for many organisms, including animals,
insects, plants, and fungi.*” Melanin also exhibits myriad
functions and plays a much more varied role."’ For example,
melanin is involved in the sequestration of ions.""'* It is also
the main constituent of cephalopod ink for providing
protection'® and stabilizes the cell wall structure of fungi.'
However, when it comes to the particle structure of melanin, a
broad distribution of shapes and sizes have been reported.””
Some of these variations could be because of the extraction
and preparation techniques, but a puzzling variety remains.
There is an ongoing quest to find the smallest possible entity
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tyrosine to sustain the conversion of L-3,4-dihydroxy-L-
phenylalanine (DOPA)."” The presence of the L-cysteine and
the tyrosinase sustains the reaction to form pheomelanin while
a pure L-DOPA solution will generate only eumelanin. While
the two tyrosinase-related proteins TRP1 and TRP2 help
regulate the melanogenesis process, they are not necessary for
the formation of pheomelanin.'® The formation of melanin is
governed by a wide range of parameters: temperature, pH,
ionic strength, or small effector molecules. Excellent work has
been done in revealing some of the initial reaction stages in the
formation of eumelanin and pheomelanin.7’16’19’20 Variation in
the melanin structure can, in no small extent, be attributed to
effectors in the cellular matrix. Changes in the pH have a
strong influence on melanin formation®' or disassembly.””
When bio-engineering melanin at alkaline pH, some deviations
in the structure from the biomimetic melanin might be
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Figure 1. (A) Absorption spectra and (B—G) EEMs of melanin formed at pH 8.4 with different ions present.
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spectra for the melanin formed without the presence of ions. The Ex and Em on the axes correspond to the excitation and emission wavelength,

respectively, in (B—G).

incurred.”> The presence of physiological ions, potassium or
sodium, does not influence the structure of melanin yet
micronutrients such as copper or nickel do alter melanin’s
characteristics.”>* Micronutrients are essential elements
required by organisms to orchestrate a range of physiological
functions. Copper is involved in enabling proteins to perform

25060

essential metabolic functions and also required for the normal
functioning of aerobic microorganisms, while nickel is known
to be crucial on plant growth, the hydrolysis of urea, as well as
nitrogen fixation.”>® Excellent work is available characterizing

distinctive stages of eumelanin formation in detail. >’ >°
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There has been recent progress in linking measurements of
functional characteristics to create multi-dimensional matrices
of parameters.””>> For example, linking measurement of
excitation and emission spectra yields a quantum yield map
of melanin, also known as excitation—emission-matrix (EEM).
An EEM contains a set of “spectral fingerprint” which is unique
to melanin formed at a specific condition.”* Here, we
investigate the influence of physiological and micronutrient
ions and pH on the formation of melanin. We use
spectroscopic properties, namely, the absorption and EEM,
of melanin to study the function of the macromolecule
synthesized under the presence of various ions. Furthermore,
dynamic light scattering (DLS) analysis is used to provide
structure information about melanin synthesized under
different ions and pH conditions. The technique collects
optical density fluctuation caused by the structure of melanin
to determine particle size. Combining the analysis from these
techniques will gain novel insights into the structure—function
relationship of melanin. In particular, we find that, while the
spectroscopic function is retained for all ion and pH conditions
investigated, we do not always find the particulate form of
melanin.

B EXPERIMENTAL METHODS

Materials. All chemicals were purchased from Sigma-
Aldrich at the highest purities available. The lot numbers for
chemicals that might show variation were: 3,4-dihydroxy-L-
phenylalanine (D9628, Lot# SLBB4239V). Sepia melanin was
purchased from Sigma-Aldrich [(CAS number 8049-97-6 (Lot
10238H1023)] as suggested for standardization by d’Ischia et
al.

Synthesis of Melanin. Before synthesizing eumelanin, an
L-DOPA stock solution of 1 mM was prepared by mixing L-
DOPA with de-ionized water in a sonication bath for 10 min.
The stock solution was then stored at 21 °C in the dark.
Eumelanin was synthesized under aerial oxidation, following
the standard laboratory melanogenesis protocols.”” The nature
pH of the solution is at 8.4, and ammonia was used to raise the
pH to 10.7. For forming eumelanin at the presence of ions,
metal ion aqueous stock solutions of 10 mM were added
before aerial oxidation to a final concentration of 100 M.
CuCl,, NiCl,, NaCl, and KCl were used for providing
physiological (K" and Na) and micronutrient (Cu** and
Ni**) ions.

Sepia melanin solution was prepared by dissolving the
powder in de-ionized water. The solution is then diluted to an
optical density matching that of the 100 #M eumelanin formed
without additional ions.

All synthesized melanin samples were left for five to ten days
with regular absorbance measurements undertaken. Absorption
was found to be stable after three days and remained so for
weeks. Only fully reacted samples from L-DOPA were taken for
the analysis presented here.

Absorption Spectroscopy. Collimated transmittance
measurements were performed using a Jasco V-660 spec-
trophotometer. The melanin solutions were diluted by de-
ionized water to a final concentration equivalent to 100 M L-
DOPA solution, and the obtained transmittance was converted
to absorption spectra for further analysis. The dilution
mitigates the potential interference of nonlinear multiple
scattering effects caused by particles to alter the absorption
obtained.”* The same condition, as described in ref 35, was
used for the acquisition.
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Excitation—Emission Matrices. An EEM measurement
produces a quantum yield map which links the emission
characteristics using various excitation wavelengths.’"** This
study used a Horiba Scientific Fluorolog 3—22 system with a
450 W xenon lamp for excitation and double grating excitation
and emission monochromators. Excitation wavelengths from
240 to 600 nm were used, and the emitted fluorescence in the
wavelengths of 280—700 nm was collected. Slits of the
monochromators were set to 5 nm for both the excitation and
emission pathway, and the integration time was 0.1 s.
Measurement increments of 5 nm were set to reduce the
total measurement time per sample without the loss of spectral
detail. All EEMs were measured from the diluted samples
(OD;yp = 0.5) in a 6Q quartz cuvette. A background EEM
from the blank water sample was collected in the same setup.
To prevent possible precipitation, the samples were stirred
during the measurement.

For processing the data, first, the signal from Rayleigh
scattering was masked to allow clean subtraction of the
background. This is followed by the procedure described by
Riesz et al. to correct the inner-filter effects.’”® Each EEM
intensity was multiplied by a scaling factor calculated from the
absorption coefficient at both the excitation and emission
wavelengths and subtracted by the background. All EEMs are
shown in a logarithmic scale to present greater detail in regions
of weak fluorescence.

Dynamic Light Scattering. The DLS measurements were
performed using an ALV/LSE 5004 instrument with a laser
wavelength of 632.8 nm. The intensity autocorrelation
functions (ACFs) were obtained at a scattering angle of 90°,
and the cumulant method was used to estimate the effective
diffusion coefficient.”” The mean hydrodynamic radius was
then calculated using the Einstein—Stokes equation. The
melanin samples were diluted by a ratio of 1:100 to a
concentration equivalent to 10 #M L-DOPA using de-ionized
water filtered by a 0.2 pum polyethersulfone syringe. Diluted
melanin solutions were nearly colorless and fully transparent so
that multiple scattering effects were minimal. Three replicates
of the ACF for each sample were averaged, and the mean
hydrodynamic radii of melanin particles were estimated.”’

B RESULTS AND DISCUSSION

Spectroscopic Properties of Melanin. Sepia Melanin
and Melanin Formed at pH 8.4. While melanin seems to have
more than one role in living systems, it is first and foremost a
UV absorber. Figure 1A shows broadband absorption across
the visible wavelength region for melanin formed at a natural
pH environment (pH 8.4); the featureless characteristic of the
spectra corresponds to melanin’s dark appearance. The
formation of melanin from the L-DOPA was traced by
absorption spectroscopy in the wavelength region of 250—
800 nm, and only the spectra of the fully reacted melanin
samples are reported here. Sepia melanin exhibits a more
balanced absorption intensity across the broad wavelength
range investigated, while melanin formed from L-DOPA reveals
a rapid decrease in absorption with the increase of wavelength.
The presence of K" or Na" during melanin formation only
results in small changes in the absorption intensity, compared
to the spectrum for melanin formed without the presence of
ions. All three spectra exhibit a broad and weak peak at around
320 nm. The presence of micronutrients, on the other hand,
causes noticeable changes in the absorption spectra by either
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Figure 2. (A) Absorption spectra and (B—F) EEMs of melanin formed at pH 10.7 with different ions present. The Ex and Em wavelength from the
axes correspond to the excitation and emission wavelength, respectively.

exhibiting an additional peak at 270 nm (in the case of Ni**) or
the absence of the peaks at 320 nm (in the case of Cu®*).
There are many theories developed to interpret the
absorption characteristics of melanin and to relate them to
the structure of melanin. The “chemical disorder” model of
melanin assumes that the featureless broadband absorbance is
achieved by chemical variations of melanin building blocks
adding up to a total spectrum.’® Different absorption peaks are
suggested by the density functional theory, which calculates the
highest occupied molecular orbital and the lowest unoccupied
molecular orbital (HOMO—LUMO) energy gap of the redox
states of melanin’s fundamental building blocks, dihydrox-
yindole (DHI), and dihydroxyindole-2-carboxylic acid
(DHICA).” Furthermore, the sheet structure of melanin can
have a significant degree of variation by altering the ratio of
DHI and DHICA and their different redox forms,6 as DHICA
generates an atypical form of melanin.'">** The number of
indole molecules involved in the sheet structure might affect
the absorption characteristics, as reported in the previous
studies.”’>*' Assuming that the structure of melanin stabilizes
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the different redox states, the overall broadband absorption
characteristics of melanin may constitute absorption character-
istics of semiquinone, hydroquinone, and indolequinone states
of DHI and DHICA.

To assign contributions of DHI and DHICA at each state
using the absorption spectra, one needs to consider the
structures associated with these building blocks and their
optical characteristics. We previously observed the temporal
evolution of the absorption spectrum, where gradual flattening
of the absorption characteristics of the indole structures occurs
as melanin forms.”” The smooth and featureless absorption
spectra, as shown in Figure 1A indicate no “missing element”
or imbalance in the building blocks of melanin.

On the other hand, Figure 1B—G shows several interesting
spectral features in the EEMs of natural melanin and melanin
formed under different ion conditions at pH 8.4. A prominent
fluorescence emission over a broad wavelength range in 280—
700 nm can be observed from all samples when excited by a
wavelength around 250 nm. All melanin formed at pH 8.4
exhibit exceptionally strong Rayleigh scattering, as suggested

https://dx.doi.org/10.1021/acsomega.0c01953
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by the clearly resolved emission intensity from the nearby
wavelength of the two diagonal lines in the EEMs. These two
lines correspond to the first- and second-order Rayleigh
scattering, which can be related to the elastic scattering of
excitation light by particulates in the sample.”** These lines
usually are removed by either built-in software functions of the
equipment or EEM data processing routine as they tend to
mask and obstruct features in the measured EEM signal. In this
study, the Rayleigh lines were retained to indicate elastic light
scattering behavior of melanin.

Figure 1 also reveals distinctive excitation—emission areas
which are specific to the ion conditions or the synthesis
method. Sepia melanin exhibits more prominent first- and
second-order Rayleigh lines, indicating the higher scattering
capability of this natural melanin than that for the lab-
synthesized melanin. The Sepia melanin also shows a rich
fluorescence emission area in the wavelength region of 400—
530 nm when excited at 300—400 nm. This feature is absent
from all melanin generated from L-DOPA; the lab-synthesized
melanin shows a featureless emission across a broad
excitation—emission area. At pH 8.4, the presence of ions or
the difference in synthesizing melanin does not change the
EEMs significantly; similar EEMs are obtained for the lab-
synthesized melanin. The observation is consistent with a
previous study on L-DOPA-derived eumelanin fluorescence
without or with K*, Na*, or Cu®* ions.>® The only exception
for melanin formed at the natural pH environment is the EEM
from melanin formed with Ni** support. Figure 1F exhibits an
interesting broad red-purple excitation—emission area with
exceptional strong intensity 300—350 nm when excited by a
wavelength around 275 nm. The pronounced excitation—
emission region observed from Ni**-supported melanin agrees
with the absorption peak observed in Figure 1A for this
melanin type.

Melanin Formed at pH 10.7. Increasing the pH toward
more alkaline conditions can be used to speed up the
formation process of melanin from L-DOPA. Figure 2A
shows that all melanin formed at pH 10.7 exhibit a prominent
peak around 265 nm. Most of the melanin formed at the higher
pH exhibit a suppressed absorption outside the UV/near-UV
wavelength region. Nearly identical spectra were observed for
melanin formed at the presence of K* or Na*; this could
suggest that the formation process is less sensitive to such ion
environments than those formed in the natural pH environ-
ment. However, the involvement of the micronutrients (Ni**
and Cu®") in melanin formation results in a different response
in the absorption property. Melanin formed with the Ni**
support follows the overall absorption feature as those formed
with K™ or Na* support, and only exhibits a weak absorption
peak at 265 nm. On the contrary, the Cu**-supported melanin
exhibit a similar absorption spectrum in both pH conditions,
suggesting that the effect of the pH on melanin formation
might be relatively small at the present of this type of ion.

While one might assign the strong absorption peak at
around 265 nm to the “unused” L-DOPA, the peak position
does differ from the prominent L-DOPA absorption peak
observed before forming melanin, and also vary slightly with
different ion conditions used. Given the alkaline environment
of the samples, it is possible to assign the peak for
dopaquinone. The measurements by Robinson and Smyth
identify L-DOPA with a peak at 285 nm and dopaquinone at
272 nm.* In this study, an absorption peak was identified at
280 nm for L-DOPA in the same solvent before forming

melanin. Considering absorption measurement has a system-
atic drift of the peak position, this would place the
dopaquinone peak at 267 nm, which would be consistent
with the peaks shown in Figure 2A. While it is not possible to
definitively identify the compound giving the 265 nm peak,
given the high pH of the sample and the narrow nature of the
peak, it is likely to correspond to a distinct single molecule in
the quinone or semiquinone form.

Figures 1A and 2A suggest that the absorber function of the
melanin macromolecule synthesized from the L-DOPA
molecule is comparable to those reported in the previous
study for the melanin fully reacted from rL-DOPA.”*>*
Changes in the ion environment for forming melanin introduce
slight alterations to the absorption characteristics. Assigning
the peak at 265 nm to dopaquinone explains the lower
absorption profile in the vis—NIR spectral region, as the system
is not able to continue melanogenesis past dopaquinone. This
results in a small subset of the starting L-DOPA molecule
which can make it through to the DHI and DHICA stages.
Only the spectra with Cu®* resemble the profile at pH 8.4; it
would suggest that copper allows more of the starting DOPA
compound to react past the hydroquinone stage and continue
down the melanogenesis pathway.

Similar to Figure 1A, Figure 2B—F show the EEMs for
melanin samples corresponding to the sample conditions in
Figure 2A. Several striking differences are observed when
compared to the EEMs in Figure 1. First, the Rayleigh lines in
the EEMs are much weaker for the melanin generated at pH
10.7, suggesting that the structure of the macromolecule has a
far less light scattering property. The addition of Na* or K*
ions does not significantly alter the EEM profile. The EEMs for
melanin generated at this pH without any ion or with the
presence of physiological ions (K* or Na') show similar
characteristic to natural Sepia melanin at pH 8.4; the findings
here further diminishes the importance of physiological ions on
melanogenesis. The EEMs, as shown in Figure 2B—D, exhibit a
broad excitation—emission area at 400—530 nm when excited
at 300—400 nm, with a peak centered at 325 nm excitation and
425 nm emission. The change is likely due to the alterations
related to the quinone ring fission.”*

Interestingly, the involvement of the micronutrients in the
melanin formation results in distinctive EEM responses,
depending on the type of ions involved. In Figure 2E, the
melanin formed in the presence of Ni** exhibits an excitation—
emission area over a broad range of excitation (275—475 nm)
and emission (350—650 nm) wavelength. The EEM profile for
the Ni**-supported melanin is similar to those for the natural
Sepia melanin, as shown in Figure 1B, but with stronger
fluorescence. Unlike the cases at pH 8.4, the EEM profile of
the Ni*"-supported melanin is distinctive from the other
melanin formed at higher pH, which suggests a significant
change of this melanin. On the other hand, the EEMs for the
Cu’"-supported melanin resembles the lower pH samples
without ions or with K* and Na*, and the emission at 425 nm
with 325 nm excitation is noticeably absent. The EEMs for the
melanin formed in the presence of Cu®" remains largely
unaffected by the pH, as also suggested in the comparison of
the corresponding absorption spectra. Because of the larger
difference between the excitation and emission wavelengths,
the distinctive EEM response of the Ni**-supported melanin
does not manifest on the corresponding absorption spectrum.

Combining the absorption and EEM analysis above reveals
the limitations of the spectroscopic measurements to assess the
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melanin structure further. While the absorption characteristics
of the macromolecule is a critical feature of melanin, the
information is not sufficient to understand the microscopic
structure of the melanin or to establish the relationship
between the function and structure of melanin. The metal ions
studied here are known to only bind to specific functional
groups which are available in multiple sites of the indole
molecules including the hydroxyl, carboxylic, and amine
groups.*® For example, nickel ions can bind to the carboxyl
and amine groups with the amine group being specific to L-
DOPA and alter melanin structure by occupying the porphyrin
ring.*” However, different physiological ions present during the
formation process only lead to relatively little variation in the
overall absorbance, as shown in Figures 1A and 2A.

Copper ions show an affinity for all three functional groups
available (hydroxyl, carboxyl, and amine) with hydroxyl and
amine also being specific to L-DOPA. The presence of the Cu**
in melanin formation is expected to strongly influence the size
and forming of the initial oligomer sheets, and subsequently,
alter the shape and size of possible protomolecules that stacked
from these oligomer sheets.”” This can be related to copper
favoring a higher content of DHICA, which shifts in the
balance between DHI and DHICA.”' Because the carboxyl
group of DHICA is favored as an edge-element around the
forming sheets, altering the DHI to DHICA ratio by copper
ions could lead to significant changes in the size and
microscopic structure of melanin formed. However, the sheet
formation as such does not contribute to the noticeable
difference to melanin’s broadband absorption. As the
oligomerization of DHICA only causes a small redshift in
the absorption spectrum,48 it might “smooth out” the melanin
spectrum without displaying structural-related characteristics.
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Considering the absorption characteristics observed, the
analysis indicates the role of Cu*" ions as a modulator in
melanin formation.

On the other hand, excitation—emission matrices yield
highly detailed spectroscopic characteristics of the fluorophore
in melanin. The EEM results indicate that the presence of
different ions and pH environment in the formation of melanin
from 1-DOPA has a distinct effect on the spectral character-
istics of melanin. All EEMs exhibit characteristic areas of
distinctive excitation—emission. In some cases, the difference
in EEMs is relatively small, which seems to suggest the ions
acting more as a modulator than changing melanin’s optical
characteristic. Although the radiative emission, as observed in
Figures 1 and 2 can be considered as a “spectroscopic
fingerprint” about the variation in the macromolecule,"
melanin is a relatively weak fluorophore. A quantum yields
of 3 X 107 for Sepia melanin and 6 X 10™* for dopamine-
derived eumelanin are reported.’**”°" Therefore, using
melanin’s fluorescence characteristics for understanding the
melanin structure is typically hampered by its very low
quantum yield. For achieving a thorough understanding, it is
essential to link relevant measurements and findings from
different analysis techniques.

Physical Properties of Melanin. While the EEMs and
absorption spectra indicate that the presence and the type of
ions at different pH can modulate the chemical/molecular
properties of the melanin, these measurements are not
sufficient to describe the self-assembled structure of melanin
and the influence of modulation on the melanin structure.
Furthermore, melanin particle sizes have been previously
reported to range from 30 nm into several hundred nm,* and
the size determined was strongly dependent on its source and
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method of extraction (for natural melanin) and its chemical
genesis (for laboratory melanin). While the strong Rayleigh
scattering observed in all EEMs, as show in Figures 1 and 2
might be attributed to the scattering effect caused by the
melanin particles, the size of the particles cannot be directly
extracted from the EEM analysis. To gain further under-
standing of the relationships between the structure and
function, the microscopic structure of melanin particles was
investigated using DLS measurements. This technique
measures ACFs, which allow us to estimate mean hydro-
dynamic radii of suspended colloidal-scale particles, based in
their Brownian motion. In this case, we can determine the
largest scale structural parameter of melanin, that is, the
particle size.

Melanin as synthesized is difficult to directly examine with
DLS because of its dark color which is because of strong
absorption of visible light, severely limiting the intensity of
scattered light that can detected in DLS measurements.
Therefore, DLS measurements in this study were taken from
diluted melanin samples of a concentration equivalent to 10
uM 1-DOPA. Figures 1A and 2A indicate low absorbance for
all melanin samples investigated at the DLS laser wavelength,
632.8 nm, despite the fact that the sample concentration for
the absorption analysis is 10 times higher (equivalent to 100
UM L-DOPA) than those for the DLS analysis. Therefore, the
influence of absorption on DLS measurement was considered
to be negligible, as also suggested by the low absorption and
nearly colorless and transparent sample reported previously.*

Figure 3A shows the ACFs of melanin formed at different
pH without the presence of any ions. An ACF measured for
pure water is also included for comparison to show a typical
solvent background corresponding to a molecularly homoge-
neous (in terms of refractive index contrast) liquid phase. The
ACEF for melanin particles formed at pH 8.4 clearly shows a
decay pattern typically for a polydisperse population of
colloidal scale particles with a mean hydrodynamic radius of
20 nm (estimated by the cumulant method). However, an
ACF feature similar to pure water is observed for melanin
formed at pH 10.7. This is surprising, as particles larger than
about 1 nm with a significant refractive index contrast (as
expected for solid melanin particles suspended in water) would
show a clear ACF decay over and above the solvent
background because of optical density fluctuations caused by
Brownian motion of particles. In addition, a noticeable
difference can be observed in the color of undiluted melanin
samples, as shown in Figure 3B, corresponding to the synthesis
conditions, as shown in Figure 3A, indicating that absorption is
lower at higher pH, although both samples were nearly
colorless and fully transparent upon dilution for DLS
measurements. Figure 3C further compares the ACFs for
melanin samples formed at pH 8.4 in the presence of various
ions. Melanin particles formed without ions or with the
presence of K" or Na® show a similar ACF feature
corresponding to a polydisperse population of particles with
a mean hydrodynamic radius of 20 nm. However, melanin
formed in the presence of Ni** or Cu®* ions shows distinctive
exponential-like ACF decays corresponding to monodisperse
populations of colloidal scale particles. The mean hydro-
dynamic radii estimated for melanin formed in the presence of
Ni** and Cu®" ions were 70 and 100 nm, respectively.

The 20 nm 1-DOPA-derived melanin particle radius
observed at pH 8.4 agrees with the so-called type A melanin
particles reported by Biingeler and co-workers.'® The type A

particles were suggested to grow from rod-shaped proto-
particles of about 6 nm in length and can be combined into
forming the larger type B particle with a radius around 100
nm.”” Our observations indicate that 20 nm melanin particles
remain stable over prolonged periods, up to months after
synthesis, and the formation of these particles is not influenced
by the presence of physiologically relevant ions, K* or Na'.
Both ions are present in the human body in relatively high
intracellular concentrations, around 140—150 mmol/L for
potassium and 5—10 mmol/L for sodium,sz’53 and so far no
indications have been found to link either of them to melanin
formation. It is worth remembering that the majority (65—
75%) of the potassium in the body is in the muscle and that
the concentrations of the sodium are much higher (135—145
mmol/L) outside the cell.’>>* It is also the case that ATPase
pumps sodium out of the cell and potassium into the cell to
maintain consistent concentrations of the two. It may be for
these reasons that melanogenesis does not appear to be
affected by the presence of the physiological ions such as
sodium or potassium.54 Furthermore, great care is required in
translating findings derived from synthetic melanins to full
biological systems. In living organisms, the size and shape of
melanin particles are governed by a range of different
parameters. For example, size and shape of melanins in
vertebrates is determined by the organelle in which the
melanin is produced. The shape of the organelle will determine
the shape of the melanosome.™

As we have seen, the presence of Ni** and Cu*" ions lead to
the formation of much larger, nearly monodisperse particles
with mean hydrodynamic radii of 70 and 100 nm, respectively.
The larger one of these appears to be consistent with the type
B particles reported previously.'® Because of the monodisper-
sity of particles formed in the presence of Ni** and Cu** ions,
it is unlikely that colloidal aggregation via irreversible
clustering of smaller particles is responsible, even under
diffusion-limited conditions, as it would not lead to a stable
final size.”>*° Instead, this indicates that the presence of Ni**
and Cu’ ions leads to a distinct self-assembly process
providing a well-defined structure and size of final melanin
particles.

Changing the pH yields a further intriguing effect: melanin
formed at an alkaline pH of 10.7, regardless of the ion
condition, shows featureless ACFs similar to the one for pure
water, as can been seen in Figure 3D. This means that no
discernible melanin particles, in terms of a significant refractive
index contrast with the surrounding aqueous phase, were
formed at this condition, despite showing the clear spectral
characteristics of melanin in EEM and absorption analysis. All
conditions result in a smooth absorbance spectrum across the
wavelength range investigated, with a strong UV absorption.
No gaps are present to suggest any missing building block,
according to the chemical disorder model, nor are random
peaks observed to indicate an imbalance between the
contributing building blocks. The process which adjusts the
ratio of different redox states seems largely unaffected by the
change of the pH. However, the absence of any ACFs beyond
the aqueous background suggests a previously unreported form
of melanin—liquid-like melanin.

Compared to the Rayleigh scattering lines, all melanin,
except Ni*" containing melanin (Figure 2E), show a reduced
Rayleigh scattering intensity at this pH condition. The fact that
ACFs observed in DLS measurements were not distinct from
the aqueous background suggest that, despite the presence of
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the spectral (absorption and fluorescence) characteristics of
melanin, there are no optical density fluctuations. Thus,
melanin is present homogeneously dispersed within the
solution, rather than suspended in the form of well-defined
colloidal scale particles, and the size of such a molecular
material is less than 1 nm. The finding is also consistent with
the reduction in the Rayleigh scattering intensity, although
Rayleigh scattering would also be present from components of
homogenous molecular solutions. If particles were not formed,
then it is possible that the synthesis of melanin at higher pH
results in either a diverse solution of indole molecules, as per
the chemical disorder model, or a collection of small oligomers
similar to the porphyrin-like tetramers.

The findings from different analysis techniques used in this
study align well with previous work showing that the de-
stacking of melanin sheets does not necessarily obliterate their
absorptive properties.””””*” The reduced absorbance in the
visible wavelength range for melanin formed at pH 10.7
resembles the absorption spectra of the disassembled Sepia
melanin in a basic pH environment.”> Furthermore, the strong
emission at around 325 and 425 nm excitation—emission
region, as shown in Figure 2B, agrees with the increased
emission at 400 nm when exciting the disassembled melanin at
315 nm.”” In this study, the absence of discernible particles
with radii above 1 nm in DLS measurements could be because
of the combination of alkaline environment and presence of an
excess of metal ions (concentrations of ion to LOPA = 10:1)
suppressing the stacking of oligomer sheets. Because this
suppression would take place during the early stages of the
melanogenesis, melanin particle formation is prevented
altogether. This is in contrast to the de-stacking approach,
where broad distributions of the disassembled particles size
were reported.” It could explain the stronger UV absorption,
as shown in Figure 2A, lack of measurable particles in DLS,
and the numerous emission pathways that result in the EEMs
of Figure 3. We give the term “liquid-like melanin” to reflect
the unique state of the synthesized sample, where, despite no
presence of particle form, all absorption and emission
characteristics for melanin are achievable with no “missing
element” or imbalance in the building blocks of melanin.

Overall, these findings indicate potential challenges in
distinguishing different melanin using the spectroscopic
analysis alone. Simple changes in the melanin formation
environment, such as pH and metal ions, could lead to
significant alterations in the melanin structure, which could be
challenging to identify from absorption or fluorescence
measurements. However, a better understanding of different
melanin self-assembly pathways can be achieved by investigat-
ing the structure of melanin. In this study, the identification of
a new form of liquid-like melanin structure was achieved by
combining the information obtained from spectroscopic
analysis and DLS measurements. This study demonstrates
how the link between structure and function established by
using complementary characterization techniques can provide
new insights into behavior of macromolecules. This will lead to
a deeper understanding and open opportunities based on the
utilization of liquid-like melanin or similar macromolecule for
novel bio-engineering applications, such as the use of melanin
nanocomposite or melanin-type films in optoelectronic
devices, where the pliability of the melanin structure without
compromising its functionality is desired.”®>”

B CONCLUSIONS

The findings in this study suggest a previously unreported form
of liquid-like melanin synthesized at alkaline conditions. The
observation of the liquid-like melanin is supported by other
studies which suggest that the absorption properties of melanin
may not require a particulate melanin structure. Metal ions can
be an important effector to melanin formation. Micronutrient
ions, such as Ni>* and Cu®', can significantly alter the emission
pathway, particularly for melanin formed at higher pH.
Physiological ions (K* and Na*) only acts as a modulator in
changing the absorption and emission characteristics. The
effect of pH results in the most intriguing change. It leads to no
discernible particle form for melanin formed at alkaline
conditions, regardless of the ion conditions in the melanin
synthesis, and the formation of distinctive melanin particle
types under neutral pH and various ion conditions. The study
demonstrates an approach to manipulate the melanin macro-
molecular structure and a means of utilizing and linking the
functional and structural analysis to understand questions
about the structure—function relation of melanin.
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