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Abstract

Melanin is a component of many cosmetic or hair care formulations because of its photoprotective
and antioxidant capabilities. For such formulations, matching hair or skin tone is important. This
report proposes the establishment of a framework to objectively compare different melanin-like
materials based upon the intensity of their color and/or their presentation as eumelanin- or
pheomelanin-like. Using absorbance spectroscopy from the UV to the near-infrared regions of the
electromagnetic spectrum, numerical and graphical presentations are proposed to grade the
appearance of melanin-like materials. In addition, we highlight FT-IR spectroscopy as a tool to
evaluate the presence of carboxylic acid or carboxylate functional groups in the melanin-like
materials. Such functional groups may be present due to the specifics of the reaction conditions or
the choice of purification process and can have an impact on the binding capabilities of the melanin-
like materials. The combination of objective parameters related to the type and intensity of the color
of a melanin-like material can provide a basis for the proper formulation of melanin-based cosmetics
matching any desired skin or hair tone.

Keywords: eumelanin; pheomelanin; absorbance spectroscopy; FI-IR spectroscopy; catecholamine;
catechol

1. Introduction

Melanin (MN) is a term used to describe a diverse group of biomolecules present in many groups
of living organisms and has been the subject of various reviews. Despite decades of research, MN is
still poorly defined in its chemical structure and therefore the review reports on MN offer diverse
descriptions of what constitutes MN.[1,2] In human and other animal species’ physiology two distinct
classes of MN are responsible for the coloration of skin and hair: eumelanin (EuMN) and
pheomelanin (PhMN).[2,3] EuMN is typically described as a brown to black colored material built
from L-DOPA as the precursor. PhMN is commonly described as a yellow to red pigment formed by
a combination of L-DOPA and the amino acid cysteine. This distinction between EuMN and PhMN
may only be applicable for in vivo biosynthesis. In vitro, the addition of L-cysteine to the air-mediated
oxidation of MN precursors in alkaline environment leads to darker, more EuMN-like materials.[4]
On the other hand, yellow-to-red materials can be generated in vitro if other precursors, e.g.,
epinephrine, are used, or may be hiding behind the dark-colored, EuMN-like material.[4,5] Apart
from L-DOPA, other catecholic compounds can serve as precursor for MN-like materials.
Catecholamines like dopamine or norepinephrine, with or without cysteine, have been described as
the precursors of neuromelanin, a MN material found in the brain of humans or animals.[6] Plant,
fungal and some bacterial MN are built from nitrogen-free precursors, e.g.,, homogentisic acid,
catechol or dihydroxynaphthalene.[7-10] The experiments described in this report involve MN-like
materials synthesized from a wide variety of catecholic precursors or serotonin. The term “MN-like”
used in this report is solely based upon the appearance of any material as dark-colored, EuMN-like,
or as light-colored, PhMN-like, as has been done in previous reports.[4,11]

A striking feature of MN materials is their capacity to absorb light in a monotonic, exponentially
declining fashion through the ultraviolet (UV), visible (vis) and near infrared (NIR) regions of the
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electromagnetic spectrum. This phenomenon creates their appearance as dark-colored, EuMN-like,
or light-colored, PhMN:-like, and anything in between.[4,11] This monotonic absorbance spectrum
has been explained in terms of an overlay of the absorbance spectra of individual chemical species
present in the material; the so-called chemical diversity model.[12-14] An alternative model invokes
a combination of geometric order and disorder within MN aggregated structures, leading to
delocalized excitonic effects amongst the oligomeric units making up the aggregates.[15] Others have
argued that the monotonic absorbance spectra observed in MN materials are due to charge transfer
(CT) phenomena.[16,17] An extensive review and discussion on the interaction of MN materials with
electromagnetic radiation is given by Xie et al.[18]

Apart from skin or hair tone matching, MN-like materials are considered for use in cosmetic
formulations because of their protective properties as antioxidants or UV light absorbents.[19-23] Dai
et al. reviewed the recent advances in the study of UV-shielding materials used for sunscreen or other
applications.[24] Many studies related to MN-like materials focus on the use of dopamine, L-DOPA,
or their associated derivatives, 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole carboxylic acid
(DHICA), as precursor for the synthesis of MN. The approach in this and previous reports[4,11,25,26]
is different by using a broad variety of precursors to synthesize MN-like materials (see Figure 1) and
comparing their properties.
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Figure 1. Chemical structures of the precursors used in the synthesis of MN-like materials for this report.

MN-like materials were generated through air-mediated oxidation in an alkaline environment
and were evaluated for their capacity to absorb light from the UV, including a subdivision into UVA
or UVB, to the Vis/NIR region of the electromagnetic spectrum. In addition, select materials were
studied using FT-IR spectroscopy following dialysis or HCl-induced acidification. The results
presented in this report are a combination of recently conducted, unreported experiments, and an
evaluation of data accumulated from experiments reported upon between 2019 and 2025.[4,5,11,25-
31] This report highlights two important features. First, the use of a mathematical equation, and
associated parameters, to propose a process for an objective graphical or numerical description and
comparison of the appearance of any MN-like material. Second, the use of FT-IR spectroscopic
analyses to evaluate the presence of carboxylic acid or carboxylate functional groups. Carboxylic
acids/carboxylates may be present: a) as part of the precursor employed (see Figure 1), b) due to the
oxidative cleavage of aromatic rings that may occur during the synthesis or aging of the material[32]
and c) due to the purification process of the MN material employed.
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2. Materials and Methods

2.1. Materials

Dopamine.HCI (Thermo Scientific. Waltham, MA, USA), L-DOPA (MP Biomedicals, Santa Ana,
CA, USA), epinephrine. HCl (Sigma-Aldrich, St Louis, MO, USA), epinephrine (Alfa Aesar, Ward
Hill, MA, USA), norepinephrine. HCl (Sigma-Aldrich, St Louis, MO, USA), catechol (Acros Organics,
Geel, Belgium), pyrogallol (Sigma-Aldrich, St Louis, MO, USA), caffeic acid (Sigma-Aldrich, St Louis,
MO, USA), dihydrocaffeic acid (Thermo Scientific. Waltham, MA, USA), chlorogenic acid (Alfa
Aesar, Waltham, MA, USA), 3,4-dihydroxybenzoic acid (Sigma-Aldrich, St Louis, MO, USA),
serotonin.HCI (Thermo Scientific, Waltham, MA, USA), and 5,6 dihydroxyindole (DHI; Thermo
Scientific, Waltham, MA, USA) were all purchased through Fisher Scientific (Waltham, MA, USA)
but originated from different suppliers as indicated.

2.2. UV and vis/NIR Spectroscopy

UV and vis/NIR spectroscopic measurements were made in wells of a 96-well microplate using
a SynergyHT microplate reader from Biotek (Winooski, VT, USA). For measurements involving
absorbance readings below 350 nm, UV-transparent microplates were used. Spectra were recorded
with 5 nm intervals. The spectrophotometer used in the experiments provides reproducible and
linear, concentration-dependent measurements for absorbance readings up to 3.5.

2.3. FT-IR Spectroscopy

FT-IR analyses were performed using the Spectrum Two FT-IR spectrometer from PerkinElmer
(Waltham, Massachusetts). Scans were made using the universal ATR accessory between 650 and
4,000 cm? with a resolution of 4 cm and using the OptKBr beam splitter and LiTaOs detector. For
each sample 24 scans were accumulated.

2.4. Evaluation of Crude Reaction Mixtures

Over the course of eight years (2018-2025), reactions involving the air-mediated oxidation of
catecholic precursors in the presence of Na2COs were studied for varying reasons.[4,5,11,25-31] The
reaction conditions differed in: a) the precursor used (see Figure 1), b) the concentration of precursor
used (between 0.5 and 20 mM), c) the concentration of Na2COs present (between 5 and 50 mM, d)
whether the mixture was kept stagnant or stirring, e) the reaction volume (between 200 puL and 200
mL) or f) temperature (room temperature or 37°C). RP-HPLC analyses were used to monitor the
disappearance of precursor as detailed elsewhere.[25] At the end of the reaction an absorbance scan
of the crude reaction mixture in the vis/NIR range (350 nm to 900 nm) was recorded.

2.5. Evaluation of Purified Materials

Reactions were set up by dissolving between 200 and 300 mg precursor in 100 mL 25 or 50 mM
Na2COs. A higher concentration of Na2COs was used for the precursors in hydrochloride salt form.
A reaction with epinephrine was set up by dissolving 250 mg in 50 mL 5 mM HCI followed by the
addition of 50 mL 200 mM Na2CO:s. Crude reaction mixtures were purified through dialysis followed
by freeze drying. Dried materials were scanned using FT-IR spectroscopy. Select dried materials were
dispersed in distilled water at a concentration between 1 and 2 mg/mL and a dilution series was
prepared in distilled water. The diluted mixtures were scanned for their absorbance in the vis/NIR
and UV range. Select dialyzed and dried materials were dispersed in water at a concentration of 6
mg/mL. This dispersion was acidified using HCI to a final concentration of 0.1N. The precipitations
were centrifuged, washed with water and freeze-dried. When no or little precipitation occurred, the
acidified dispersion was dialyzed and freeze-dried. FT-IR spectra were recorded of all HCl-acidified
materials.
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2.6. Dialysis and Freeze Drying

Dialysis was performed using Spectrum Spectra/Por RC dialysis membranes with molecular-
weight-cut-off (MWCO) of 3.5kDa obtained from Fisher Scientific (Suwanee, GA). Samples were
freeze dried using a Labconco FreeZone Plus 4.5L benchtop freeze dry system obtained from Fisher
Scientific (Suwanee, GA).

3. Results

3.1. Mathematical Analyses of Absorbance Profiles

As documented in the literature, the absorbance spectra of MN materials dispersed in water
yield an exponentially declining profile with increasing wavelength. Thus, such absorbance spectra
can be fitted with an exponential function as shown in equation (1).

A= Age™™ or InA=1nA,—kA (1)

In this equation, k is the decay constant of the exponential profile of the absorbance (A) as a
function of the wavelength (). Ao is the absorbance of the sample when A = 0. To obtain the values of
k and Ao, exponential regression analyses were performed for absorbance readings between 500 and
800 nm to avoid the interference of components with strong absorbance in the upper UV region (300
— 400 nm) and to ensure that all absorbance readings were sufficiently above baseline. For light-
colored materials, e.g., derived from epinephrine or pyrogallol, regression analyses were performed
between 500 and 700 nm. To objectively quantify the intensity of the color of any given MN material,
equation (1) is integrated between 400 and 900 nm using the established values of Ao and k obtained
for that MN material. Such integration, shown in equation (2), represents the area-under-the-curve,
termed AUC.is, and represents the total absorbance of the spectrum within the vis/NIR region of the
electromagnetic spectrum.

AUCy;s = 490000 Ag * e kg = f—z % (ek*900 _ o—k=400)) @)

The value of Ao in equation (1) depends on the concentration of the sample, while the value of k
is independent of the concentration and is to be considered a material specific parameter. These facts
are illustrated in Figure 2, panels (a) and (b), for a dialyzed and freezedried, L-DOPA based MN
material dispersed in water. Figure 2, panel (a), shows the absorbance profiles in the vis/NIR region
of the same sample dispersed at varying concentrations. Figure 2, panel (b), compares the values of
AUCqs, obtained from equation (2), and the values of A, from equation (1), as a function of sample
concentration. From these analyses the average (+ standard deviation; n="7) value of k for the material
was determined to be 0.0065 + 0.0001.
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Figure 2. (a) Absorbance profiles in vis/NIR region of L-DOPA based MN material dispersed in water at varying
concentrations. (b) Concentration dependency of the values of AUCyvis, calculated using equation (2), and the

value of Ao from equation (1).

The absorbance in the UV region by MN materials is not readily approached with a simple
mathematical equation due to the presence of specific absorbance bands within that region. To obtain
an objective estimate of the total absorption in the entire UV region of the electromagnetic spectrum
(between 230 and 400 nm) or the UVA (between 320 and 400 nm) and UVB (between 280 and 320 nm)
regions, the AUC in those regions, termed AUCuvr, AUCuva and AUCuvs, were calculated as shown
in equations (3a). (3b) and (3c).

AUCyyr = 3335 L4220 4 ) with AL = 5nm (3a)
AUCyy, = $335 C222 4 A7 with AL = 5 nm (3b)
AUCyyp = 3345 5222 4 A7 with A= 5nm (3c)

Figure 3, panel (a), shows the absorbance profiles in the UV region of the same samples shown
in Figure 2, panel (a). Figure 3, panel (b), shows the linear relationships between the values of
AUCuvr, AUCuva or AUCuvs, and the concentration of the sample.
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Figure 3. (a) UV absorbance profiles of a L-DOPA based MN material dispersed in water at varying
concentrations. (b) Relationship between the values of AUCuvr, AUCuva and AUCuvs (calculated using

equations (3a), (3b) and (3c)), and sample concentration.

The AUC.is parameter provides an objective evaluation of the intensity of the appearance (color
or “darkness”) of a particular MN dispersion. However, it does not provide an objective evaluation
of the type of MN material: EuMN- or PhMN-like. To objectively evaluate the nature of the MN
dispersion, the ratio of the absorbance at 650 nm over the absorbance at 500 nm (Asso/Aso) was
evaluated as a function of the value of k from equation (1) as has been discussed elsewhere.[4]
Although these two wavelengths are arbitrarily chosen, it follows precedent as a suggested way to
differentiate dark-colored EuMN from light-colored PhMN.[33-35] Given the exponential
relationship between A and A as shown in equation (1), an exponential relationship exists between k
and Asso/Aso as outlined in Eq.4.

A e~ k650 e—k+650

= = = e
A+ e~ k500 e—k*500

Ags0

—k#(650-500) — ,—k*150 &)
Asoo
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Higher values of k and lower values of Asso/Asw typically indicate light-colored (orange to
yellow) materials. Lower values of k and higher values of Asso/Asw typically indicate dark-colored
(brown to black) materials. As discussed earlier, over the course of eight years (2018-2025), reactions
involving the air-mediated oxidation of a variety of precursors were studied. At the end of each
reaction an absorbance scan between 350 and 900 nm was recorded and modeled according to
equation (1). Reactions involving serotonin consistently resulted in precipitated materials. However,
after washing with water the dark-colored material could be dispersed in 1IN HCI. Absorbance
spectra could then be recorded and modeled according to equation (1). Figure 4 shows a plot, updated
from an earlier version[36], of the average value of k (+ standard deviation) vs. the average value of
Asso/ Asoo (+ standard deviation) for every individual precursor studied. These data points are plotted
in relationship to the theoretical line according to equation (4).
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Figure 4. Plot of the average (+ standard deviation) value of k as a function of the average (+ standard deviation)
value of Aeso/Aso according to equation (4) at the end of the synthesis reaction for the individual precursors used
in the studies outlined in Sections 2.4 and 2.5.

All experimental data points fall on or are close to the theoretical line. An exception appeared to
be some reactions involving catechol for which the average values of k and Asso/Asow are sometimes
off the theoretical line. The absorbance profiles of reactions involving catechol contain the typical
monotonic profiles of MN materials but with a weak, broad absorbance band around 650 nm (results
not shown), and this may account for the deviations observed in Figure 4.

3.2. Characterization of Purified Materials: vis/NIR and UV Absorbance

The color or appearance of MN materials depends on the concentration (C) of the dispersion and
the type of precursor used in its synthesis. This is illustrated in Table 1, showing photographs of
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dialyzed and freeze dried MN materials, built from different precursors, dispersed in water at
different concentrations.

Table 1. Photographs of dialyzed and freezedried MN materials synthesized from different precursors and
dispersed in water at different concentrations (C); photographs by K.V.).

Pyrogallol-based

C=472 g/mL C=1417 g/mL | C=2125 g/mL | C=2,833 g/mL

Dopamine-based

C=132 g/mL C=362 g/mL C=925 g/mL

DHI-based

C=46 g/mL C=90 g/mL C=560 g/mL | C=2,800 g/mL

The photographs shown in Table 1 illustrate the relationship between the intensity of the color
of a MN-like material and its concentration. As discussed earlier, the intensity of the color can
objectively be described using a parameter like AUCvis from equation (2). However, any comparison
of the appearance of MN materials should consider the concentration of the MN material involved.
Thus, a parameter like AUCvis/C could serve as an objective numerical value reflecting the intensity
of the color of a particular MN material: the higher the value of AUC.is/C, the darker the appearance
of the material dispersed in water. As discussed in Section 3.1, the parameter k from equation (1) is a
material-specific parameter and is associated with the appearance of the MN material as EuMN- or
PhMn-like. This can be illustrated in a graphical presentation as shown in Figure 5.

As can be observed from Table 1 and Figure 5 increasing concentrations of pyrogallol-based MN
materials will not yield a dark, brown-to-black appearance. On the other hand, dilute dispersions of
a DHI-based MN material will not yield a light, yellow-like appearance. In addition to its value of
AUC.is/C, the overall color of a MN-like material depends in part on its value of k. Table 2 includes
the values of k for the materials listed. In this context, the value of (AUCuis/C)/k could also serve as a
parameter for an objective comparison of MN-like materials as it combines both concentration and
type of MN material: the higher the value of (AUC.is/C)/k, the darker and more EuMN-like the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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material appears dispersed in water. The values of (AUCyvis/C)/k are shown in Table 2 for the materials

listed.
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Figure 5. Graphical representation of the appearance of different melanin-like materials dispersed at different

concentrations (see Table 1) using the average values of k and Asso/Asw obtained for the materials illustrated.

The line represents the theoretical relationship between k and Asso/Asw according to equation (4).

Table 2. Comparison of AUCvis/C, k, and (AUCyis/C)/k values of MN-like materials synthesized from various

precursors and purified as outlined in Section 2.4. AUCvis was calculated according to equation (2). Dilution

series of each MN material, dispersed in distilled water, at six different concentrations were analyzed in

triplicate. All values shown are average + standard deviation.

Precursor AUCvis/C k (AUCis/C)/k
3,4-dihydroxy benzoic 0.090 +0.016 0.0127 +0.0002 7112
acid 0.37+0.03 0.0085 + 0.0004 44+52
catechol 0.21 +0.02 0.0069 + 0.0002 30+3.6
catechol 223+0.3 0.0050 + 0.0002 447 +76
DHI 0.52+0.05 0.0077 + 0.0005 67 +£6.2
dopamine 0.46 +0.04 0.0083 + 0.0002 56 +5.0

dopamine 0.022 +0.001 0.0128 + 0.0016 1.69 +0.09

epinephrine 0.88 +0.05 0.0063 + 0.0002 139+9.3
L-DOPA 1.04 +0.10 0.0064 + 0.0001 163 +14
L-DOPA 0.35+0.03 0.0118 +0.0011 30+0.88

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202509.1795.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2025 d0i:10.20944/preprints202509.1795.v1

9 of 16

norepinephrine 0.60 £0.01 0.0103 £ 0.0001 58 +0.68

norepinephrine 0.30+0.02 0.0127 + 0.0002 24 +1.40
pyrogallol 0.29 £0.01 0.0130 + 0.0005 22 +0.67
pyrogallol

Select MN-like materials listed in Table 2 were synthesized twice from the same precursor. The
variation in the values of AUCuis/C, k or (AUCuis/C)/k of MN-materials synthesized from the same
precursor illustrate the batch-to-batch variability that occurs when synthesizing MN-like materials.

Similarly to AUC.is/C, concentration-independent parameters like AUCuvt/C, AUCuva/C or
AUCuvs/C, can serve as objective indicators of the capacity to absorb UV light by any MN material.
A comparison of these parameters is shown in Table 3 for the same materials listed in Table 2.

Table 3. Comparison of AUCuvr/C, AUCuva/C and AUCuvs/C values of MN-like materials synthesized from
various precursors and purified as outline Section 2.4. Dilution series of each MN material, dispersed in distilled

water, at four different concentrations were analyzed in triplicate. All values shown are average + standard

deviation.

Precursor AUCuvr/C AUCuva/C AUCuvs/C
3,4-dihydroxy benzoic 1.05+0.14 0.22+0.03 0.26 +0.04
acid 1.50+£0.11 0.44 +0.03 0.38 £0.03
catechol 1.09 £ 0.06 0.28 £0.02 0.28 £0.02
catechol 2.67£0.33 1.07 £0.14 0.66 £ 0.08
DHI 1.48 +0.14 0.49 £0.04 0.39 £0.04
dopamine 1.62+0.16 0.52+0.05 0.43 +0.04
dopamine 1.46 +0.05 0.77 +0.04 0.46 +0.01
epinephrine 1.75 £ 0.06 0.62 +0.02 0.44 +0.01
L-DOPA 217 +0.18 0.77 £0.06 0.55+0.05
L-DOPA 1.48 £ 0.05 0.45+0.02 0.39+0.01
norepinephrine 1.70 £ 0.04 0.50+0.01 0.41 +0.06
norepinephrine 1.32 £0.06 0.41+0.02 0.32+0.01
pyrogallol 1.52 +0.03 0.47 £0.01 0.38+0.01

pyrogallol

All the parameters listed in Table 2 indicate that the MN material generated from DHI was the
darkest in appearance and the MN material generated from epinephrine was the lightest in
appearance. Comparing the values of AUCuis/C, the DHI-based material could be considered 101
times darker than the epinephrine-based material. Alternatively, comparing the values of
(AUCis/C)/k, the DHI-based material could be considered 265 times darker than the epinephrine-
based material. However, comparing the values of AUCuvt/C, AUCuva/C and AUCuvs/C, the DHI-
based material absorbed only 1.83, 1.39 or 1.43 times more UV, UVA or UVB light respectively
compared to the epinephrine-based material. Figure 6 presents the correlation between the values of
AUC.uis/C and AUCuvt/C, AUCuva/C and AUCuvs/C for the materials listed in Tables 1 through 3.
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Figure 6. Correlation between the values of AUCuis/C from Table 2 and the values of AUCuvt/C, AUCuva/C and
AUCuvs/C from Table 3.

The results shown in Figure 6 suggest a poor correlation between the values of AUCvis and any
AUCuv parameter.

3.3. Characterization of Purified Materials Using FT-IR Spectroscopy

FT-IR spectroscopy is a commonly used technique to study MN-like materials. As was outlined
in a previous report, the FT-IR spectra of MN-like materials exhibit a similar pattern of signals,
independent of the precursor used. That same report detailed how FT-IR spectroscopy can be used
to distinguish MN-materials purified through dialysis or following acidification with HCI. Post-
synthesis dialysis of the alkaline, MN synthesis reaction mixtures, preserves the carboxylic acid
functionalities in their carboxylate form. Acidified MN materials will convert the carboxylic acid
functionalities into their acidic form. Thus, the purification process will have an impact on the acidic
or basic character of the synthetic MN, which may impact its capacity to bind to other substances.
These considerations are shown in Figure 7, panels (a) and (b). Figure 7, panel (a), shows an overlay
of the fingerprint region of the FT-IR profiles obtained from MN materials derived from dopamine
or pyrogallol following dialysis or HCl-induced precipitation. Figure 7, panel (b), shows the
subtraction of the signal of the dialyzed material from the signal of the HCI-precipitated material.

13

1.4
11
1.2
8 0.9
£1.0
2
s g 07
Zo0s £
Z 06 3 05
E H]
g z
0.4 Z03
“l " /Aw\
7 ,
0.0 ; 6 ‘ 800 950 1,100 1,250 1400 5 1,700
650 800 950 1,100 1,250 1,400 1,550 1,700 -0.1
wavenumber (cm™)
0.3
dopamine dialyzed - = —dopamine HCI precipitated wavenumber (cm™)
pyrogallol dialyzed - — —pyrogallol HCI acidified ——dopamine ——pyrogallol

(@) (b)

Figure 7. (a) Normalized FT-IR spectra of MN-like material derived from dopamine or pyrogallol and purified
through dialysis or HCl-induced precipitation. (b) Absorbance difference following subtraction of the
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normalized spectrum of the dialyzed material from the normalized spectrum of the HCl-precipitated material
shown in panel (b).

The profile obtained following the HCl-induced precipitation or acidification shows a clear

shoulder in the low 1,700 cm region of the spectrum. By comparing the FT-IR spectra of the dialyzed

d0i:10.20944/preprints202509.1795.v1

materials to the HCl precipitated or acidified materials, one can assign the signal in the low 1,700 cm-

!region to the presence of carboxylic acid groups. The subtracted absorbance profiles shown in Figure

7, panel (b), not only shows the emergence of the signal in the low 1,700 cm™ region, but additional,
negative or positive, peaks. The negative signals at 1,546 and 1,383 cm™ can be assigned to the
disappearance of the asymmetric and symmetric C-O stretch of the carboxylate functional groups.[37]
The positive signal at 1,186 cm™ can be assigned to the C-O stretch of the emerging carboxylic acid
groups; possibly overlapping with the C-O stretch of phenols.[38,39] Although the addition of HCI
would render any amine group into its protonated salt form, the N-H stretching or bending vibrations
may be too weak to be readily distinguishable in the FT-IR spectra of the complex MN materials.[40].

Although both dopamine and pyrogallol do not contain carboxylic acid functionalities in their

molecular structure, the FT-IR spectra shown in Figure 7 do exhibit evidence of carboxylic

acid/carboxylate functional groups. This suggests that oxidative aromatic ring cleavage occurred
during the synthesis reaction as has been discussed elsewhere.[32]. Reaction time (or “aging” of the
MN material) may impact the extent to which this aromatic cleavage may occur, with a possible
impact on the appearance or other properties of the MN material.[41]

3.4. Physical (In)Stability of Melanin-Like Materials

Although MN-like materials can be dispersed into homogenous mixtures in water or salt
solutions, changes in ionic strength, in addition to changes in pH, can affect the physical (in)stability
of the dispersed MN materials. A previous report provided experimental results on the physical
instability of L-DOPA-based materials in the presence of multivalent cations.[28] Similar
observations were made for dopamine- or DHI-based MN materials. Figure 8 illustrates the relative

AUCis, calculated according to Eq.2, remaining in the supernatants of mixtures of dopamine- or DHI-
based MN with increasing concentrations of Ca?.
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Figure 8. Relative AUC.is of the supernatants following precipitation of dopamine- or DHI-based MN material,
dispersed in water at 0.7 mg/mL and mixed with varying concentrations of Ca?*.

The pattern of results shown in Figure 8 are similar to the pattern of results discussed in a
previous report.[28] These results indicate that the physical (in)stability of MN materials is greatly
affected by relatively low, and subtle changes in the concentration of multivalent cations.
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4. Discussion

The main purpose of this report is to propose an objective framework to grade MN-like materials
based upon the type and the intensity of its visual appearance and its UV light absorbing capacity.
As the chemical structure of MN-like materials is not firmly established, it is difficult to objectively
standardize this class of biomolecules. This report proposes the establishment of a set of numerical
parameters, derived from spectroscopic analyses, which can provide a framework to compare and
classify different MN-like materials for their capacity to absorb light in the UV and Vis/NIR range of
the electromagnetic spectrum. In addition, a graphical presentation, as shown in Figure 5, can
visually illustrate the proposed grading framework for MN materials. As shown in Tables 2 and 3,
select precursors were used twice to generate well-characterized MN materials. The differences in
the values of the parameters shown in these two tables reflect the challenges in generating MN
materials with reproducible properties. Thus, this author advocates for the establishment of a
reference library of well-characterized MN materials with a broad range of appearances and
properties. Such a library could be used as benchmark materials as a comparison for any newly
synthesized MN material, independent of its intended application. The analyses and processing of
data suggested in this report could be added to other suggested standard analysis protocols for MN-
like materials.[42]

Despite the fact that many review papers highlight MN’s insolubility in water and organic
solvents, MN materials are often described as “soluble” in alkaline, e.g., KOH or NaOH,
environments.[8,43] The synthesis process used in our experiments involved the use of Na2CO:s as
the base and the MN products generated almost always presented themselves as seemingly dissolved
in the medium. It has been argued that MN materials thus generated are dispersions of a colloidal,
hybrid materials.[25,27,28] A model has been proposed suggesting that the in vitro synthesized MN
consists of a dark-colored core MN-like material physically stabilized by a colorless ligand. This
colorless ligand has been observed to strongly absorb UV light and to have fluorescent properties.[25]
These previous results and the evaluation of the parameters shown in Tables 2 and 3 suggest that the
capacity to absorb UV light may not correlate with the intensity of the visible color of the MN
material. The results shown in Figure 6 confirm the poor correlation between the values of AUCqis
and any AUCuv parameter values and suggest that a doubling of the value of AUCuvis would lead to
a 20 to 40% increase in AUCuvr. MN materials are frequently discussed in terms of their protective or
harmful interaction with UV light.[18,33] However, despite the markedly darker appearance of DHI
materials compared to epinephrine materials, no markedly different capacity to absorb UV light was
observed (see Section 3.3). This observation strengthens the notion that the color and the capacity to
absorb UV light may be separate properties of the overall MN material; residing in the two different
entities making up the hybrid, colloidal material.[25,28]

The physical stability or instability of a colloidal particle depends on physical and chemical
factors (particle size, pH, ionic strength, surface charge, zeta potential).[44] Thus, the addition of HCI
or multivalent cations may induce precipitation of MN materials as highlighted in this and earlier
reports.[25,27,28] The impact of pH or ionic strength on the physical stability of MN dispersions
needs to be taken into account when formulating them in cosmetic or other formulations.

Due to its insolubility in water or organic solvent, chemical characterization of MN materials is
still incomplete. A commonly used technique is FT-IR spectroscopy, although it provides only limited
information regarding the chemistry of MN materials. An overview of typical peak signals in FT-IR
spectra of natural or synthetic MN is presented by Perna et al.[45] The FT-IR analyses we performed
on select materials, as shown in Figure 7 and in previous reports, provide various observations.[36]
The FT-IR spectra of dialyzed MN materials display very similar features despite the diversity in the
chemistry of the precursors involved. By comparing and subtracting the FT-IR spectra of dialyzed vs.
HCl-precipitated or -acidified material, one can observe that many MN materials contain carboxylic
acid/carboxylate functionalities. Even MN materials synthesized from precursors without carboxylic
acids, e.g., dopamine or DHI, exhibit carboxylic acid/carboxylate features. This indicates that
oxidative aromatic ring cleavage occurred during the synthesis reaction as has been discussed
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elsewhere.[32] In the case of amine-containing MN materials, the amino functionality could be
positively charged creating the possibility that select MN material may exist as zwitterions. The
presence or absence of any charge on the surface of MN materials can impact their physic-chemical
properties, e.g., their tendency to aggregate into smaller or larger units, or their suitability for any
particular application.[46,47]

Some of the parameters selected for the proposed grading framework, e.g., the parameters of
equation (2) or equation (4), were arbitrarily chosen and could be altered. However, any such changes
would not have an impact on the fundamentals of the framework: the assignment of objective
numerical values related to the UV absorbance and the appearance of the MN material, and the
potential of this framework on the standardization of MN-like materials.

5. Conclusions

With this report we propose an objective numerical and graphical process to compare the visual
appearance of any melanin-like material. The process is based upon the mathematical processing of
spectroscopic analyses and deriving numerical parameters related to 1) the material’s capacity to
absorb light in the UV and visible region and 2) its appearance as eumelanin- or pheomelanin-like.
The use of FT-IR spectroscopy is highlighted to evaluate the conjugate acid or base properties of the
melanin material. Additionally, the impact of multivalent cations on the physical stability of melanin
dispersions is discussed as it can have an impact on formulations containing melanin materials.
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Abbreviations

The following abbreviations are used in this manuscript:
MN : melanin

EuMN : eumelanin

PhMN: pheomelanin

UV: ultraviolet

Vis: visible

NIR: near infrared

FT-IR: Fourier Transform Infrared Spectroscopy

AUC: area-under-the-curve

C: concentration
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