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Abstract 

This report details observations that the in vitro synthesis of L-DOPA-based melanin leads to a 

two-component material: dark-colored aggregates stabilized by colorless ligands. Despite the 

appearance of dissolution, the melanin materials generated behave as dispersed, colloidal 

particles. All dispersible materials can, in part, be aggregated and precipitated through the 

addition of mono- or multivalent cations but in a non-linear, concentration-dependent fashion. 

The addition of cationic species, at sufficiently high concentrations, fractionates the colloids into 

a dark precipitate and a dispersible, colorless fraction. Precipitated aggregates could be 

redispersed in water through the addition of sufficiently high concentrations of KCl; an 

additional indicator of their colloidal nature. The dispersible fraction exhibits absorbance in the 

UVA and UVB range of the electromagnetic spectrum, but little to no absorbance in the visible 

range. The fractionated melanins were characterized using liquid chromatography, UV-Vis and 

FT-IR spectroscopy. Based upon the results presented we suggest a model for synthetic melanins 

as colloidal particles built from a dark-colored core aggregate stabilized by a set of colorless 

ligands. 

 

1. Introduction 

Despite decades of research the class of pigments known as melanins (MN) remains an 

enigmatic group of biomolecules. Their molecular structure and physic-chemical properties are 

currently not completely established. As functionality is related to structure it is difficult to 

systematically explore the properties and potential applications of these biomolecules. Extensive 

reviews on the structure, properties and potential applications have been written by several 

authors in recent years.1-6 In human (and other animal) physiology two distinct classes of MNs 

are responsible for the coloration of the skin and hair: eumelanin (EuMN) and pheomelanin 

(PhMN).7-8 EuMN is typically described as a brown to black colored material built from L-

DOPA as the precursor. PhMN is typically described as a yellow to red pigment built through a 
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combination of L-DOPA and the amino acid cysteine (C). The biochemical pathways that lead to 

these two different classes of MN are described by the classic Raper-Mason scheme.9-10 In this 

scheme, L-DOPA undergoes oxidation and cyclization to intermediates like 5,6-dihydroxyindole 

(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) which then yield the final EuMN 

material. In the presence of C, the pathway is diverted to a different set of intermediates, e.g., 5-

S-cysteinyl-DOPA, 1,4-benzothiazine (BTZ) or 1,4-benzothiazine-3-carboxylic acid (BTZCA), 

which then lead to the final PhMN material.11 Another type of MN, termed neuromelanin, built 

from dopamine with or without C, is found in select areas of the brain.12-14 In addition to L-

DOPA and dopamine, various other precursors can be and are used as precursors for MN-like 

materials as reviewed elsewhere.6 

This report details ongoing explorations on the physic-chemical properties of MNs by evaluating 

the interaction between synthetic MNs and a multitude of cationic species. The studies described 

herein suggest that MN-like materials, despite sometimes appearing as dissolved, are dispersed, 

colloidal entities. “Insoluble” MN materials can be “dissolved” through the addition of KCl or 

other salts, while “soluble” MN materials can be aggregated or precipitated by the addition of 

various salts. In addition, the results from these studies provide additional evidence that the in 

vitro synthesis of MNs leads to a hybrid material composed of at least two sets of components.15-

16  

 

2. Experimental 

2.1. Materials 

L-Dihydroxyphenylalanine (L-DOPA), NaCl, KCl, CaCl2.2H2O, MgCl2, MnCl2.4H2O, 

CoCl2.6H2O, CuCl2.2H2O, EuCl3.6H2O and LaCl3.7H2O were obtained through Fisher Scientific 

(Waltham, MA). All other reagents were of analytical grade. 

 

2.2 Synthesis of MN materials 

MN materials were synthesized by dissolving L-DOPA in 50mM Na-acetate buffer (pH=6.4) 

followed by the addition of 50mM Na2CO3 to a ratio of 50:50 (v/v) buffer/Na2CO3. Two 

reactions were set up: one containing about 700mg L-DOPA in 100mL (35mM) termed HiC 

reaction and one containing about 200mg L-DOPA in 100mL (10mM) termed LoC reaction. 

After three to four days of reaction at room temperature the crude reaction mixtures were 
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dialyzed and lyophilized. During the reaction and subsequent dialysis process the HiC reaction 

exhibited aggregations, while this was not visible for the LoC reaction. The dried materials from 

both reactions could not entirely be redispersed in water. The materials were redispersed in water 

to a concentration of 10 mg/mL (w/v) and centrifuged. The supernatants were collected and 

lyophilized and termed the dispersible fraction (Fdisp). The precipitates were repeatedly washed 

with water and lyophilized and termed the precipitated fraction (Fprec). 

 

2.3 Cation precipitation and dispersion experiments 

Fdisp materials were dispersed in water at a concentration of 1 mg/mL. To 500L of this mixture, 

50L cation solution was added, and the combination was kept at room temperature for 24 hours. 

Following centrifugation, the absorbance of the supernatant between 350 and 900nm was 

measured and select aliquots were diluted fourfold for HPLC analysis.  

Fprec materials were dispersed at a level of 1 mg/mL with a) water, b) 50mM KCl, c) 250mM 

KCl and d) 500mM KCl. After standing overnight at room temperature, photographs of the 

mixtures were taken. Following centrifugation, absorbance spectra of the supernatants were 

recorded, and aliquots were diluted fourfold for HPLC analysis. 

 

2.4 Other analyses and techniques 

UV-Vis spectroscopy, FTIR spectroscopy, RP-HPLC analyses, dialysis and freeze drying were 

performed as outlined elsewhere.15-18 An exception is the RP-HPLC analyses which were 

performed at a flow rate of 0.5 mL/min instead of 1 mL/min to improve resolution. 

 

3. Results 

3.1 Characterization of materials 

3.1.1 UV-Vis absorbance spectra 

Quantitative estimates of the “darkness” of any sample were calculated by integrating, between 

400 and 900nm, the absorbance spectrum of the sample fitted with an exponential function and 

calculating the area-under-the-curve (AUC) as outlined elsewhere and shown in eq.1.17 

 

𝐴𝑈𝐶 = ∫ 𝐴0
900

400
∗  𝑒−𝑘𝑑 =  

𝐴0

−𝑘
∗ (𝑒−𝑘∗900 − 𝑒−𝑘∗400)  eq.1 
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In this equation, k is the decay constant of the exponential profile of the absorbance (A) as a 

function of the wavelength (). In addition, to distinguish EuMN-like materials from PhMN-like 

materials, the ratio of the absorbance at 650nm over the absorbance at 500nm (A650/A500) was 

evaluated. Although these two wavelengths are arbitrarily chosen, it does follow precedent as a 

suggested way to differentiate dark-colored EuMN from light-colored PhMN.8, 14 Conventional 

wisdom describes PhMN as a red-to yellow material synthesized in the presence of C. However, 

we have observed that the in vitro synthesis of MN in the presence of C leads to darker, more 

EuMN-like materials and that red-to-yellow materials can be obtained from L-DOPA and other 

precursors without the need for C.15-16, 18 Given the exponential relationship between A and , an 

exponential relationship exists between k and A650/A500 as shown in eq.2. 

 

𝐴650

𝐴500
=  

𝐴0∗ 𝑒−𝑘∗650

𝐴0∗ 𝑒−𝑘∗500 =  
𝑒−𝑘∗650

𝑒−𝑘∗500 =  𝑒−𝑘∗(650−500) =  𝑒−𝑘∗150  eq.2 

  

Figure 1 provides a graphical representation of eq.2 and the “fluidity” of the visual appearances 

MN materials may exhibit independent of the presence of C. As discussed elsewhere18 lower 

values of k tend to be associated with EuMN-like materials and higher values of k with PhMN-

like materials in terms of their visual appearances. 

 

 

Figure 1: Relationship between decay constant k from Eq.1 and the ratio of absorbance at 650nm over 500nm 

(A650/A500) to distinguish EuMN-like materials from PhMN-like materials according to Eq. 2. 

 

For both reactions, absorbance spectra between 350 and 900nm were recorded of the crude 

mixtures at the end of the reaction and of their respective Fdisp redispersed in water at 0.25 
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mg/mL. These spectra, normalized for their absorbance at 400nm, are shown in Figure 2, panel 

A. Figure 2, panel B, shows the absorbance spectra of both Fdisp between 230 and 900nm, 

normalized for their absorbance at 250nm. Figure 2, panel C, shows the results of the evaluation 

of the EuMN-like or PhMN-like nature of the crude reaction mixtures and of the Fdisp materials 

based upon their k and A650/A500 values according to Eq.2 and as illustrated in Figure 1. 

   

A       B 

 

C 

Figure 2: A: Vis spectra, normalized for their absorbance at 400nm, of the crude HiC and LoC reactions at the 

end of the reaction and of their respective Fdisp redispersed in water at 0.25 mg/mL. B: UV-vis absorbance 

spectra, normalized for their absorbance at 250nm, of Fdisp from both reactions redispersed in water at 0.25 

mg/mL. C: Evaluation of the EuMN-like or PhMN-like characteristics of the crude reaction mixtures and of 

both Fdisp based upon Eq.2 and as outlined in Figure 1. 

 

The absorbance spectra of both crude reaction mixtures were qualitatively similar, exhibiting 

exponential profiles, and this correlated with similar EuMN-like characteristics as judged from 

Figure 2, panel C. Little absorbance in the visible range was observed for both Fdisp materials 

(see Figure 2, panel B). This correlates with a more PhMN-like appearance of these materials as 

judged from Figure 2, panel C. In the UV range, both Fdisp fractions exhibited absorbance bands 
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centered around 280nm and 400nm (see Figure 2, panel B). However, clear quantitative 

differences appeared between both Fdisp fractions. This observation may be responsible for the 

qualitative differences between both Fdisp materials with Fdisp from the LoC reaction exhibiting 

stronger PhMN-like characteristics (see Figure 2, panel C). The results associated with Figure 2 

confirm earlier observations that the in vitro synthesis of MN leads to light-colored materials that 

are hidden behind the dark-colored, EuMN-like materials.15-16  

 

3.1.2 HPLC profiles 

Figure 3, panel A, shows the chromatographic profiles, viewed at 280nm, of the crude reaction 

mixtures and Fdisp for both reactions. For qualitative comparisons the profiles are normalized for 

the absorbance of the main peak around 2.85min. Figure 3, panel B, shows the corresponding 

chromatographic profiles viewed at 400nm (raw data). Figure 3, panel C, shows the absorbance 

spectra of the two main peaks in these chromatographic profiles. 

 

A       B 

 

C 

Figure 3: A: Normalized HPLC profiles at 280nm of the crude reaction mixtures and Fdisp from both reactions. 

B: Raw data HPLC profiles at 400nm of crude reaction mixtures and Fdisp from both reactions. C: Typical 

absorbance spectra of the two main peaks (retention times 2.7 and 2.85 minutes) in these HPLC profiles. 
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When viewed at 280nm (Figure 3, panel A) all HPLC profiles exhibit a combination of a broad 

peak (retention time between 2.65 and 2.70 min) and a dominant narrow peak (peak retention 

time around 2.85 min). Both peaks are poorly resolved and appear not to interact with the 

column as the solvent elution time was determined to be about 3.2 minutes. When viewed at 

400nm (Figure 3, panel B) only a single, broad peak with a peak retention time between 2.65 and 

2.70 minutes can be observed. For all materials, the absorbance spectra of the broad and narrow 

peaks are quantitatively different (Figure 3, panel C). These observations suggest that, for both 

reactions, the in vitro synthesis of MN from L-DOPA resulted in at least two sets of materials. 

One set contains the strong absorbance band at 280nm suggestive of unreacted precursor units. 

Another set contains the absorbance in the visible region and may be responsible for the visual 

appearance of the overall reaction mixture. These observations confirm earlier reports regarding 

the two-component aspect of in vitro synthesized MN.15, 18-19 

The chromatograms shown in Figure 3 do suggest that quantitative differences in the relative 

abundance of both sets of materials exist between the HiC or LoC reactions. This indicates that 

reaction conditions could determine the ratio at which these two sets of materials are produced. 

The ratio of these two sets of materials may then impact the overall visual appearance and the 

physical stability of the reaction product. A hypothesis that has been suggested elsewhere.15-16 

 

3.1.3 FT-IR spectra 

Figure 4, panel A, shows the FT-IR spectra, normalized for their absorbance at 1,600 cm-1, of the 

materials obtained from the HiC reaction. Figure 4, panel B, shows the corresponding spectra for 

the materials obtained from the LoC reaction. The spectra of the crude reaction mixtures were 

obtained after the dialysis and lyophilization of the crude mixtures but prior to their fractionation 

into Fprec and Fdisp. 
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A 

 

B 

Figure 4: FT-IR spectra, normalized for their absorbance at 1,600 cm-1, of materials obtained from HiC reaction 

(A) and LoC reaction (B). 
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Overall the FT-IR spectra exhibit the typical features of MN-like materials. Noticeably absent in 

these spectra is a signal around 1,700 cm-1 which would indicate the presence of a carbonyl 

group, e.g., from a carboxylic acid functional group. Such a signal was observed in L-DOPA-

based materials that had undergone a wash with HCl.16 This suggests that any carboxylic 

function may be present in carboxylate form, either through salt formation with Na+ ions from 

the buffer or Na2CO3 or with N-containing entities within the synthesized structures. In addition, 

the lesser absorbance in the 1,000-1,400 cm-1 range of the fingerprint region of the Fdisp material 

compared to the crude or Fprec materials is notable and has been observed before.19 

 

3.2 Cation precipitation experiments with Fdisp materials 

Experiments involving Fdisp from both reactions were set up as described in Section 2.3. Figure 5, 

panels A and B, shows the relationship between the cation concentration present in the 

precipitation mixture and the relative AUC of the supernatants for the Fdisp material obtained 

from the HiC and LoC reaction respectively. The inserts in Figure 5 show the detailed results 

obtained for the cases of Cu2+ and Eu3+. The results are presented as the relative AUC of the 

remaining supernatant compared to the sample with no added cation.  

 

A 
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B 

Figure 5: Relative AUC of the supernatants following precipitation of Fdisp obtained from the HiC (A) or LoC 

(B) reaction with various cations. The insert details the results obtained for the cases of Cu2+ and Eu3+. 

 

Significant to total loss of color was achieved in the presence of sufficiently high concentrations 

of Cu2+ or Eu3+. At higher concentrations, >100mM for Ca2+, Mg2+ or Mn2+ and >200mM for 

Na+ or K+, did the other cations induce significant precipitations of the colored materials. Nearly 

100% loss of color in the supernatants was observed in the mixtures containing Cu2+ or Eu3+ 

tested at their highest concentrations. In the case of Cu2+ additional color due to the cation is 

present in the supernatants, but this did not alter the overall pattern of the results. The loss of 

color from Fdisp did not decline linearly with increasing concentration of cation as illustrated in 

the inserts of Figure 5. This suggests that the Fdisp materials are colloidal in nature as will be 

discussed later. 

Figure 6 shows the HPLC profiles, normalized for the absorbance of  the peak with retention 

time of 2.8min, obtained from the analyses of select supernatants following precipitations with 

Eu3+.  
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A 

 

 

B 

Figure 6: Normalized HPLC profiles of the supernatants following precipitation of Fdisp obtained from the HiC 

reaction (A) or LoC reaction (B) with different levels of Eu3+. 
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When precipitated in the presence of varying concentrations of Eu3+, declines in the relevant 

peaks within the HPLC profiles were observed with increasing concentration of Eu3+. Evaluating 

the HPLC profiles in a relative way it is observed that the broad peak with retention time around 

2.6 minutes appeared to precipitate to a larger extent compared to the narrow peak with retention 

time around 2.85 minutes. This pattern of results was observed for Fdisp from both reactions. In 

addition, it is noteworthy that, despite the total loss of color observed in some supernatants (see 

Figure 5), significant amounts of material appeared to remain in the supernatant samples as 

judged from the HPLC analyses. These observations confirm that the synthesis of MN results in 

a set of materials with strong absorbance in the UV range, but otherwise colorless (the Fdisp 

fraction) in addition to the dark-colored substance generated (the Fprec fraction). 

 

3.3 Dispersion of Fprec materials in KCl solutions 

Figure 7, panels A through C, show results of the experiments set up as described in section 2.3 

for Fprec obtained from the HiC reaction, while panels D through F show similar results for Fprec 

obtained from the LoC reaction. 

 

A       B 

 

C 
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D       E 

 

 

F 

Figure 7: Dispersion of Fprec obtained from the HiC (A through C) or LoC (D through F) reaction in KCl 

solutions of different concentrations. A and D: photographs of the suspensions after overnight standing at room 

temperature (from left to right: 0mM, 50mM, 250mM and 500mM KCl). B and E: AUC values of supernatants 

shown in A or D. C and F: HPLC traces of supernatants shown in A or E. 

 

The photographs shown in Figure 7, panels A and D, and the evaluation of the AUC values of 

the supernatants shown in Figure 7, panels B and E, illustrate that varying amounts of dark-

colored materials were dispersed depending on the concentration of KCl involved. The 

chromatographic profiles shown in Figure 7, panels C and F, indicate that the material dispersed 

form Fprec consisted primarily of the compounds responsible for the broad band peak observed in 

the chromatographic profiles of the crude reaction mixture (see Figure 3) and little of the 

compounds responsible for the narrow peak with retention time of about 2.85 minutes. This 

observation is another indicator that the synthesis of MN resulted in a hybrid material with the 

Fprec material being distinctly different from the Fdisp material. The chromatographic profiles 
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obtained of the supernatants involving 250mM and 500mM KCl show a distinct sharp peak with 

a retention time of about 3.3 minutes, but this peak was attributed to the presence of KCl. 

 

4. Discussions 

The results presented in this report confirm and expand our earlier observations regarding the 

hybrid nature of the products synthesized when generating MN-like materials in vitro.15, 18 The 

current report provides some chromatographic evidence of the existence of the two sets of 

materials (see Figures 3 and 6). One set of materials is responsible for the overall dark 

appearance of the products and is not dispersible in deionized water. The other set exhibits little 

to no color, has a strong absorbance band around 280nm and readily disperses in deionized 

water. Apart from these physical differences, the FTIR spectra shown in Figure 4 indicate that 

chemical differences between Fprec and Fdisp exist. Physical and chemical characterizations of 

some such materials have been performed recently.19 The results of these studies were in line 

with the typical characteristics described for MNs. In the context of the current discussions, it is 

worthwhile to highlight the observations regarding the zeta potential measurements. These 

indicated that all materials are anionic species, with qualitative differences between the 

corresponding Fdisp and Fprec materials.19 In view of their anionic surface, it is not surprising that 

the MN materials behave as colloidal materials when mixed with different salts at different 

concentrations. The observed changes in physical stability (dispersion or precipitation) discussed 

here and elsewhere15-16 can readily be explained by applying steric or electrostatic (de)stabilizing 

models as it relates to colloidal particles.20 The similarities between our observations and the 

behavior of colloidal materials in general, make us conclude that the MN materials are colloidal 

particles in nature, even if the MN materials appear to be dissolved. 

The notion that MN materials exist as colloidal particles is nothing new21-25 but appears not 

systemically considered.3, 26 Ionic strength is a parameter that is not carefully controlled during 

the synthesis or purification of MN materials unlike pH parameter. Measurements of the zeta-

potential of the final product is not a general characterization parameter.3 The notion that MN 

can be “dissolved” in NaOH or KOH solutions10, 26-31 is to be questioned. Our experiments 

indicate that precipitated MN materials will disperse into homogenous mixtures upon the 

addition of KCl as long as sufficiently high concentrations of KCl are used. Throughout the 

literature there are anecdotal observations indicating the impact of changing ion concentrations 
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on the physical stability or instability of MN materials. Banerjee et al. have observed the 

“dissolution” of bacterial and other MN materials through the addition of Cu2+ or Zn2+.27 

Multivalent cations like Cu2+ or the lanthanide cation series are known to bind to and precipitate 

MN.25, 32 Balla et al. studied the oxidation of catechol by Cu2+ and observed the formation of a 

dark precipitate rich in Cu.33 Binns et al. observed that DOPA-based MN could be precipitated 

by the addition of NaCl.34 The size of the colloidal particles and the impact of the size on the 

properties of the colloidal particles is not the scope of this report. The main focus of this report is 

the observation that a colorless, stabilizing ligand is generated during the synthesis of MN 

colloidal particles. In the case of L-DOPA one can envision an ionic interaction between the 

stabilizing ligand and the aggregate because of the presence of N-containing and carboxylic acid 

functionalities. The observation that changes in ionic strength affect the interactions between 

stabilizing ligand and aggregate supports this vision. Thus, a hypothesis is proposed that the in 

vitro synthesis of MN-like materials leads to the generation of hybrid, colloidal particles. A dark-

colored core (the Fprec fraction) stabilized by colorless ligands (the Fdisp fraction). As suggested in 

an earlier report15, reaction conditions may determine the ratio at which these two sets of 

materials are formed and that the ratio at which the Fdisp and Fprec fractions are formed determines 

the physical appearance (light- or dark-colored) and the physical stability (dispersed or 

precipitated) of the overall MN material. The possibility that an aspect of the chemistry behind 

the synthesis of MN has been overlooked was recently raised.35 In that research two chemically 

and physically distinct materials were generated from dopamine as the precursor.  

Given the apparent physical, particulate nature of the MNs, it is worthwhile to reflect to what 

extent the physical properties of MN are due to their physical features (e.g., particle size, surface 

properties). A common characteristic of the MN class of materials is their capacity to absorb 

light over a broad range of the electromagnetic spectrum leading to monotonic absorbance 

profiles over the entire ultraviolet to near infrared region, a profile that can be fitted with an 

exponential equation.36 Various explanations have been given to explain this shared property 

among MNs. In the chemical disorder model the observed absorbance profile is a result of the 

combined absorbances of a multitude of different individual molecular species.37 A different 

model invokes the combination of different aggregated entities to explain the broad band 

absorbance; something that could be termed the physical disorder model.38-41 Both models have 

been explored through experimental and computational approaches. An argument has been made 
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that the broad band absorption profile generated in the very initial stages of the reaction has 

charge-transfer (CT) characteristics due to an interaction between the precursor and its oxidized 

form.39 Independent of whether chemical or physical aspects are responsible for the broad band 

absorbance, any model would have to explain why the result of the MN synthesis process is 

consistently “orderly”; consistently producing exponentially declining absorbance profiles. In 

recent years we have studied the synthesis of MN under varying reaction conditions including 

the addition of amino acids like C or others.15-16, 18, 42 Throughout these studies we have never 

observed any deviations from the typical, exponentially declining absorbance spectra. In our 

observations, the only parameter that is influenced by the reaction conditions is the decay 

constant k present in Eq.1. It is the value of this constant that impacts the appearance of the 

material: dark or light colored; EuMN- or PhMN-like as shown in Figure 1. In general, it is 

worthwhile to compare the physic-chemical properties of MNs to the physic-chemical properties 

of graphene or graphene oxide and even to crude oil.43-46 Similarly, it is worthwhile to compare 

the discussions on the nature of pigmentation in MNs to the discussions on the nature of 

pigmentation as it relates of food chemistry; particularly the topic of copigmentation.47 

 

Conclusions 

This report provides chromatographic and spectroscopic evidence that the in vitro synthesis of L-

DOPA-based melanin leads to a hybrid material consisting of two sets of components. One set 

comprises the aggregated, dark material responsible for the overall visual appearance of the 

melanin material. The second set comprises a colorless, water-dispersible material that acts as a 

stabilizing ligand for the colloidal melanin particles. This colorless ligand displays strong 

absorbance in the UV range and can be dislodged from the aggregated core particles through the 

addition of  cations with Cu2+ and Eu3+ being particularly effective. 
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