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Abstract

Here we present the important findings related to biologically derived pigments for potential 

use as antibacterial agents. Melanin biopigments extracted from Equus ferus hair exhibit 

homogeneous elliptical microstructure with highly ordered semicrystalline feature. 

Spectroscopic analysis indicates that melanin contains a high degree of redox active catechol 

groups, which can produce reactive oxygen species. The antibacterial activity of melanins 

was tested by incubating Escherichia coli and Staphylococcus aureus with melanins. Results 

showed 100% bacterial growth inhibition within 4 h. This finding suggests that melanin 

pigments may serve as naturally occurring antibacterial agents with unique redox chemistry 

and reactive oxygen species generation capability.
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Bacterial adherence and subsequent proliferation on solid surfaces are ongoing challenges in a 

variety of areas including daily consumables, industrial processes, and biomedical devices.1 The 

most common cause of biomedical implant failure is bacterial infection, which is exacerbated due 

to biofilm formation.2–4 Between 7-8 % of hernia repair surgical procedures result in infection and 

bacteria formation.5 Biofilm formation also leads to major challenges in wastewater treatment 

processes that use membranes.6 Membrane filtration is one of the most common approaches to 

convert effluents into water with acceptable level of impact to the environment by removing the 

ions and microorganisms7. Such filtration techniques are affordable and cost-effective, however 

long-term use of a filter can promote biofilm formation which can consequently reduce its efficacy, 

and lifetime with increasing operational costs.8,9 Hence, development of effective strategies to 

minimize bacterial growth and prevent biofilm formation in these settings is critical. 

Metal nanoparticles such as copper (Cu), titanium (Ti), silver (Ag), zinc (Zn), selenium 

(Se) and silicone (Si) have been studied for their antibacterial properties.10–13 Oxidative stress 

generated by reactive oxygen species (ROS) and metal ion penetration into the bacteria are two 

main mechanisms that damage bacteria cells and lead to cell death.14,15 However, there are many 

potential challenges associated with the depletion of metal ions from this class of metallic 

nanomaterials. Surface coating with polymers can be another approach to prevent biofouling and 

minimize bacterial growth on surfaces. Hydrophilic polymers such as polyethylene glycol and 

polyglycerol, or zwitterionic polymers such as 2-methacryloyloxyethyl phosphorylcholine and 

poly(sulfobetaine methacrylate) have been widely used to form a hydration layer on the surface to 

prevent bacterial adhesion and biofouling.16–19 This hydration layer near the surface acts as a 

physical barrier and prevents direct contact between biomolecules and the surface. However, 

disordered disruption of polymeric surfaces in the complex media can result in potential challenges 
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that shortens the longevity.20 Moreover, the disruption of biofilms using antibacterial agents 

requires concentrations that are 10-1000X higher than those that target isolated bacterial 

colonies.21,22 Both surface properties and surface area are two major factors that dictate biofilm 

formation.23 The antibacterial agents that are biologically-derived, bioinert, scalable, and 

costeffective are therefore intrinsically advantageous.  

As a subset of melanins, eumelanins (hereafter called melanins) are a broad class of 

biopigments that can be found in the skin, hair, iris of the eye, and neurosensorial tissues.24–26 

Melanins are largely composed of two subunits of 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA).27 These subunits are randomly stacked into planar 

macromolecular structures via π-π interactions to form homogeneous microstructures.28,29 

Biological functions of melanins vary depending on their location in the physiological system 

however, the major role of melanins is to protect cells from radiation damage.30 Melanins contain 

diverse chemical functional groups such as redox-active catechols, pendant carboxylic acids, and 

aromatic amines, which allow conjugate bonding with a variety of cations including protons or 

metallic cations.31,32 Utility of these chemical features have allowed melanins to be used in many 

applications such as surgical meshes, biomedical imaging, cancer treating materials, functional 

coatings for tissue engineering, and aqueous charge storage devices.33–36 

Furthermore, recent studies have shown that catechol-embedded thin film composites can 

produce ROS by electrochemical insertion of ions and inhibit bacterial growth.37–39 Antimicrobial 

activities based on catechol chemistry have been reported from dopamine methacrylamide as well 

as  melanins that are naturally sourced from fungi or bacteria.40–43 The unique structure of 

naturally-occurring melanins and the redox activity via catechol functional groups suggest that 

they can serve as biocompatible antibacterial agents. Herein we report the extraction of melanin 
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pigments from Equus ferus (horse) hair and investigate their antibacterial activity. Structures in 

micro- and meso-scale are examined by electron microscope and x-ray scattering techniques and 

the chemical functionalities are evaluated by spectroscopic tools. These structural and chemical 

analysis will assist to understand the structure-chemistry-property relationship of the naturally-

occurring biopigment as an antibacterial agent.  

Melanins from the hair are synthesized by specialized dendritic cells, which are 

melanocytes derived from the neural crest.44 Various techniques have been applied to extract 

melanins from hair, i.e. base dissolution & acid isolation, dissolution in ionic liquid, and acid 

hydrolysis. Among these techniques, acid hydrolysis was used in this study due to facile extraction 

steps, which results in high purity and yield.45 The initial E. ferus hair and resulting melanin 

powder (EquusMel) after the acid hydrolysis extraction are shown in supporting Fig. S1 (a and b). 

The UV-vis absorption spectrum of EquusMel shows a monotonic decrease with no noticeable 

peak throughout the visible wavelength region, which is similar to other naturally-sourced melanin 

pigments (Fig. S1(c)).46 The microstructure of EquusMel is shown in Fig. 1 (a). Broadly, it shows 

an elliptical shape in the range of 638 ± 93.7 nm in length and 266.3 ± 56 nm in width. Compared 

to the homogeneous and spherical nanoparticle form factors of the naturally occurring melanins 

extracted from Sepia officinalis ink sac, EquusMel exhibits less homogeneous structure.47 TEM 

images display the sub-nanometer scale textured microstructures, especially at the exterior of the 

individual particulates (Fig. 1(b and c)). Furthermore, both wide-angle (WAXS) and small-angle 

(SAXS) X-ray scattering measurements demonstrate that there is a noticeable scattering peak at q 

= 0.14 Å-1. This is indicative of an ordered structure in EquusMel with d-spacing of 45.2 Å (Fig. 

1(d), Fig. S2(b)). Relatively weak and broad behavior was found from the higher order peaks at q 

> 0.2 Å-1, and the ratio of the scattering peaks did not match with other well-known structures such 
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as lamellae, or hexagonally packed cylinders. This ordered structure in meso-scale is considered 

as the spacing between the layers or the aperture of the fibril structure that is originated from the 

melanogenesis.48,49 Melanogenesis is the biological process that takes place in specialized 

organelles called melanosomes. Melanosomes use enzymes, such as Pmel17, that catalyze 

polymerization reactions to control melanin assembly. Pmel17 assembles melanin protomolecules 

into large fibrils within melanosomes in vivo.49,50 This natural synthesis mechanism leads to the 

extended fibrils and porous structure of EquusMel in meso-scale. Similar ordered arrangement can 

be found from the atomic force microscopy of the melanins isolated from S. officinalis ink, which 

reveals the presence of palisade-like filaments in the order of 3-6 nm.51 The semi-crystalline 

structure in meso-scale is largely a unique characteristic of various naturally-derived melanin 

pigments.52 Layered structure in sub-nanometer scale can be found from yak and human hair 

melanins and the melanins from S. officinalis ink sac, which exhibit ordered arrangement ranges 

from 2 to 6 Å.52,53 Both microscopy and X-ray scattering data suggest that EquusMel largely 

consists of a fibril mesostructure with a distance of 45.2 Å. This unique structural feature of 

EquusMel is dissimilar with the synthetic melanins (SynMel) prepared by autooxidation of 

tyrosine ,which contain amorphous topography.35 The ordered meso-scale structure of EquusMel 

can also be observed by measuring nitrogen physisorption. Pore size distribution of EquusMel 

determined by the Barret-Joyner-Halenda (BJH) method exhibits the presence of the primary pores 

within the range of 30-50 Å, which is in a good agreement with the d-spacing of 45.2 Å from 

WAXS and SAXS (Fig. 1(e)). In addition, N2 adsorption-desorption isotherms indicate that 

EquusMel contains Brunaur-Emmett-Teller (BET) surface area of 3 m2/g (Fig. 1(f)).54 This BET 

surface area is slightly lower compared to those from the natural melanin from Sepia officinalis 

ink sac (19.9 m2/g), and the synthetic melanin (10.7 m2/g).35 EquusMel exhibits a type IV behavior 
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according to the presence of a rounded point at low values of p/po and an indistinct slope at 

intermediate values of p/po. These features correspond to the formation of monolayers and 

multilayers, respectively. 

Chemical cues of EquusMel and SynMel were interrogated by Fourier transform infrared 

spectroscopy (FTIR), confocal Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) 

(Fig. 2). FTIR spectra of both melanins exhibit no significant differences indicating similar 

chemical functionality. The broad band recorded at 3800-2800 cm-1 is assigned to O-H stretching 

from carboxylic acid or catechol groups.55 The peak centered at 1260 cm-1 represents C-N 

stretching of pyrrole ring or O-H deformation of catechols.56,57 The peaks centered at 1650 and 

1720 cm-1 are attributed to conjugated C=C and vibration of aromatic C=O, which are present in 

both EquusMel and SynMel.47 Two distinct peaks at 2950-2850 cm-1 were observed from 

EquusMel but not from SynMel. These peaks are attributed to the stretching vibration of aliphatic 

C‒H bonds that are induced by lipid or amino acid residues during extraction.58–60 Detailed FTIR 

peak assignments are summarized in Table S1.

Raman spectra of EquusMel and SynMel exhibit the broad peak ranges between 

wavenumbers of 1000 and 2000 cm-1. (Fig. 2(b)) These behaviors are associated with the 

vibrational mode of indole groups.61,62 Raman spectra were deconvoluted into five peaks (α- ɛ) 

that are designated to the known functional groups in melanin subunits.32 No significant peak shift 

was found between EquusMel and SynMel, indicating the similarity in chemical signatures 

between both melanins. Deconvolved peak assignments are summarized in Table S2. 

XPS was used to further examine the chemical contrast between EquusMel and SynMel 

(Fig. 2(c)). Atomic weight percentages based on XPS survey peak indicate that EquusMel contains 

more carbon and less oxygen and nitrogen compared to SynMel (Fig. 2(d)). Considering the carbon 
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as the main backbone of indole and the oxygen in the functional groups, we could speculate that a 

lower population of redox-active groups is present in EquusMel compared to SynMel. A similar 

trend can be observed from the high-resolution C1s peak analysis. Each C1s peak was deconvolved 

into two peaks with the binding energies at 284.8, and 287.2 eV that are associated with C-C/C=C, 

and C-N/C-O functionalities, respectively. Peak area comparison between two peaks indicates 

higher population of C-N/C-O from SynMel than EquusMel (Fig. 2(e)). High-resolution O1s peaks 

enable to further quantify the distinction in the amount of redox-active functional groups that exists 

between EquusMel and SynMel. Deconvolved O1s peaks exhibit two peaks centered at 532.39, 

and 533.82 eV from EquusMel and 532.39, and 531.12 eV from SynMel. The peaks at 533.82, and 

531.12 eV are attributed to COOH and C-O functionalities. The deviation of these two peaks could 

result from the vibrational energy difference of carboxylates that were synthesized via a different 

route. The major peak at 532.39 eV is assigned to C-OH from the catechol functional group.35 

Higher presence of C-OH group was found in EquusMel (90.51 %) compared to SynMel (81.03 

%). Moreover, the association of the high-resolution O1s peak at 532.39 eV and the atomic weight 

percentage from the survey peak can provide insightful understanding about the potential 

population of redox-active catechol groups.  EquusMel contains 14.65 % oxygen (survey peak), 

of which 90.51 % is present in C-OH chemical form, indicating the total C-OH population is 13.3 

%. Similar assessment results in 19.9 % (81.03 % x 24.55 %) of the C-OH composition present in 

SynMel. Taken together, XPS analysis indicates that the redox-active catechol group of EquusMel 

is approximately 1.5 times less than that of SynMel. It should be noted that exposure to acid during 

the extraction process may damage the structure, which could result in reducing the chemical 

functionalities of EquusMel.63 
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To study the antibacterial activity of melanin across two distinct bacterial taxa, we chose well-

known type strains of the gram-positive Staphylococcus aureus and the gram-negative Escherichia 

coli. Both species are common members of the human microflora but are also known to cause 

serious infections.64 The antibacterial activity of both EquusMel and SynMel melanins against E. 

coli and S. aureus was quantitatively evaluated using a colony count method after incubating each 

bacterial species (c = 5 × 105 CFU/ml, V = 100 µl; CFU-colony forming units) with various 

melanin concentrations. Survival rates are depicted in Fig. 3 (a) and (c) after 4 h incubation. Both 

melanins generally exhibit significant decline in the number of CFUs of E. coli and S. aureus in 

comparison to the negative controls. Complete bacterial inhibition (i.e., no CFUs were observed) 

was achieved when incubated in melanin concentrations of 20 mg/ml and higher. This is 

comparable with antibacterial activity of natural cationic polymers such as chitosan. Chitosan is a 

positively charged polysaccharide synthesized by deacetylation of chitin.65 Qian et al. achieved  

35 % and 50 % reduction in  E. coli and S. aureus growth, respectively after co-incubation with 

chitosan nanoparticles (12 µg/ml) for 24 h.66 SynMel appears to have a greater impact in inhibiting 

bacterial growth than  EquusMel at concentrations of 2.5 and 5 mg/ml. The variation of 

antibacterial activities between EquusMel and SynMel is correlated with the different density of 

redox-active functional groups that are present in each melanin. Table S4 summarizes the 

bactericidal activity of EquusMel and SynMel against E. coli and S. aureus. In addition, the 

difference of antibacterial activities may be due to the dissimilar surface characteristics of 

melanins. Static water contact angle measurement suggests that SynMel has a superhydrophilic 

surface (contact angle = 0°), while the EquusMel surface is hydrophobic (contact angle = 104.7 ± 

2.2°) (Fig. S4). The hydrophobic surface characteristics are ubiquitous and can be found from the 

melanins that are naturally sourced.57 The inherent hydrophobic nature of EquusMel would 
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possibly lead to the aggregation of particles, hindering the full interface with bacteria. This contrast 

of surface properties could potentially lead to the lower antibacterial activity of EquusMel. 

Antibacterial activity via melanins is further examined by the time-course reduction of E. 

coli and S. aureus. We determined the growth inhibition of each bacteria by counting colonies at 

timepoints between 0 and 24 h, as shown in Fig. 4. Both E. coli and S. aureus exhibit substantial 

reduction in the number of CFUs throughout the measurement period in comparison to the 

monotonic growth of the controls. However, the time to complete bacterial inhibition varies 

between EquusMel and SynMel. The growth of both bacterial species was completely suppressed 

after 2 h of incubation in SynMel while EquusMel exhibited a slower response until 4 h of 

incubation. The delayed response of EquusMel is associated with the inherent characteristic of 

EquusMel that contains a lower density of redox-active catechol groups than SynMel. These rates 

of bacteria growth inhibition by both melanins are comparable to the recent studies. A recent study 

shows that growth curves obtained from incubation of chitosan nanoparticles with S. aureus V329 

decreases in CFUs starting after 2 h.65 In addition, Sarwar et al. observed complete bacterial growth 

inhibition after incubating chitosan at different molecular weights with E. coli and S. aureus for 8 

h.67 

Generation of ROS by EquusMel and SynMel was quantitatively corroborated by the H2O2 

generation using a colorimetric assay. Oxidative stress by ROS is one of the main mechanisms that 

can damage the structure and function of proteins and other cellular components and may lead to 

cell death. Superoxide radical (O2
•‒), hydroxyl radical (HO•), hydroperoxyl radical (HO2

•), singlet 

oxygen (1O2), and hydrogen peroxide (H2O2) are representatives of ROS.13 Among the ROS 

candidates, H2O2 is chosen in this study since it provides a quantitative result with facile 
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measurement.68 Four different concentrations of EquusMel and SynMel were incubated for 4 h in 

ddH2O under ambient light, and H2O2 concentrations were measured (Fig. 5(a)). The colorimetric 

assay displays the increment of H2O2 generation as the concentrations of melanins increase. The 

concentrations of 2.5 mg/ml EquusMel and 150 mg/ml SynMel reacted to form the lowest (0.56 

µM) and highest (129.8 µM) concentrations of H2O2, respectively. It should be mentioned that at 

low concentration of H2O2, E. coli and S. aureus cells die as a result of damage to DNA, whereas 

at higher concentrations of H2O2, the death of the microorganism is due to damage to other part(s) 

of the cell.69,70 The outer structures of the gram-positive S. aureus and the gram-negative E. coli 

may explain differences in response to ROS exposure between these two species. S. aureus has an 

external peptidoglycan cell wall that can be directly attacked by ROS while E. coli has an outer 

membrane that provides greater protection against damage.71,72 Furthermore, the amounts of H2O2 

produced from SynMel are 1.5 ± 0.2 times higher than EquusMel. This is in close agreement with 

our findings of the chemical signatures of redox-active groups in EquusMel. Spectroscopic data 

indicates that SynMel contains 49.6 % more catechol groups than EquusMel. 

The pro-oxidant property of melanins has been also reported in other literatures.68 

Catechols present in melanins are reversibly oxidized into ortho(o)-quinones by two-electron two-

proton removal process. During oxidation, oxygen will react with electrons to form hydroxyl or 

superoxide radicals as an intermediate. The superoxides can further bind to protons to reproduce 

H2O2.73 A proposed mechanism is shown in Fig. 5(b). A previous electron paramagnetic resonance 

(EPR) study in melanin shows that production of semiquinone and subsequent ROS is light- and 

water-driven, supporting the proposed antibacterial mechanism.74 Moreover, another EPR study 

on catechol-containing material demonstrates ROS generation within the hydrated solution.75 

Although the exact antibacterial mechanism of melanin is still unclear, we cautiously posit that the 
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melanins are able to generate ROS by reversible oxidation of catechols, which can inhibit bacterial 

growth. Furthermore, the semicrystalline structure of EquusMel may adversely affect its ability to 

promote the ROS since the multi-layered structure provides a kinetically disadvantageous 

environment to interact between superoxides and electrons/protons. The effect of light on the 

antibacterial activity was studied by storing the melanins in a dark environment for 7 days before 

bacterial incubation, which also occurred in the dark.. The bacterial growth with melanins in the 

dark was observed to be slightly higher than in ambient light; however, the levels of bacteria 

growths from both conditions were significantly lower compared to the control sample (Fig. S5). 

This suggests that ROS can be produced by the melanins in the absence of light. Subsequently, 

antibacterial activity in this condition can occur due to the generation of hydroxyl free radical 

during the oxidation reaction of melanins (Fig. 5(b)). This demonstrates that ROS from melanins 

can be derived by both light and water into a variety of forms including superoxides, hydroxyls, 

or hydrogen peroxides, which can work as an effective antibacterial agent. 

Conclusion

EquusMel extracted from E. ferus hair is examined by microscopic and spectroscopic approach. 

Electron microscopy verified the elliptical microstructure of EquusMel in nanoscale and the layer-

by-layer stacked structure on the exterior surface. Highly organized multilayered structure of 

EquusMel was corroborated by x-ray scattering measurement, which exhibits ordered spacing of 

45.2 Å. Spectroscopic techniques suggest that EquusMel contains similar chemical signatures to 

melanins extracted from S. officinalis and SynMel. Among various chemical functionalities, 

catechols are considered to be the main functional group that allows the reversible oxidation and 

reduction within the hydrated condition. ROS generated via oxidation of catechols is considered 
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the main mechanism of antibacterial activity, reaching 100 % cell death within 4 h. However, the 

lower densities of catechol groups present in EquusMel resulted in less amount of ROS promotion 

compared to SynMel. 

The results herein indicate that EquusMel exhibits potential for naturally-derived 

biopigments to be utilized as functional antibacterial agents for a variety of applications. 

Antibacterial performance and kinetics can be further improved by molecular level modification 

of the surface of melanins to extend the redox functionalities.76–78 Exfoliation of the layered 

structure of EquusMel can also assist to maximize the interface resulting in the enhanced 

generation of ROS.79 These classes of biologically-derived melanins can be further applied in a 

variety of research and engineering areas. Fabrication of a composite membrane with EquusMel 

would be advantageous to prevent biofilm formation and therefore increase the lifespan of the 

filtration process.80 In addition, melanins can be utilized to prepare antibacterial surfaces in 

biomedical applications including neural interface, biomedical electronics, medical consumables, 

or clinical equipment.81,82 
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Experimental

Materials.

Hydrochloric acid (HCl, ACS reagent, 37 %), acetone, ethanol, Synthetic melanin (SynMel) in 

analytical grade were purchased from Sigma-Aldrich (St. Louis, MO USA). E. ferus hair was 

collected from the Equine Facilities at the University of New Hampshire (Durham, NH USA). 

Amplex™ Red hydrogen peroxide/peroxidase assay kit was obtained from Invitrogen (Waltham, 

MA USA).

Extraction of Melanin from E. ferus Hair.

Melanin pigments extracted from black E. ferus hair were prepared as previously described using 

acid hydrolysis.45 Initially, the hair was washed thoroughly by acetone and ethanol (1:2 vol %) 

three times. Approximately 4 g of washed hair was vigorously stirred in a solution of 1 % HCl (V 

= 80 ml) to remove the water-soluble components. They were then mixed with 32 % HCl (V = 160 

ml) followed by heating to 100 oC for 3 h. The solution was centrifuged at 3500 rpm for 5 min, 

and the precipitates were washed with double-distilled water (ddH2O) four times. After discarding 

the supernatant, the sediment was dried in a vacuum oven overnight. Extracted melanin was kept 

in a closed container in darkness at ambient conditions until further processing.

Spectroscopic and Microscopic Characterization of Melanins.

As-prepared EquusMel powder was fixed on Al stubs with double-sided carbon adhesive tape 

followed by Pt sputter coating. Images were taken using a scanning electron microscope (SEM, 

Lyra3 GMU FIB, Tescan, Brno, Czechia).  
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Small and wide-angle X-ray scattering (SAXS/WAXS) were performed using the in situ 

SAXS/WAXS Xeuss System (Xenocs, Grenoble, France) with a CuKα X-ray source (λ = 1.5418 

Å, GeniX3D Cu ULD, Xenocs, SA, France) at 23°C.  The scattering data were collected on a 

Pilatus (DECTRIS, Switzerland) over 6 frames with a 10 minutes acquisition time for each frame. 

The sample to detector distance (SDD) for SAXS/WAXS was 2464 mm and 365 mm, respectively, 

after the calibration using silver behenate (AgBe). Melanin in ethanol solution was suspended and 

dispersed using ultrasonic bath and dried in vacuum oven followed by placing in two Mylar films 

for SAXS/WAXS performance. The data of two Mylar films in an empty cell were collected as 

background. Six frames (600 s frame-1) were collected for each sample, then normalized by the 

number of frames and circular averaged to obtain an intensity-wave vector (q) after background 

subtraction. Scattering images were analyzed using Igor Pro software (ver. 6.37) with the Irena 

package to obtain circular averaged 1D plots of intensity vs. scattering wave vector q.83 

Transmission Electron Microscopy was performed to analyze the shape and structure of EquusMel 

particles using JEOL JEM 2100 LaB6. The particles solution was dropped on a carbon coated 

TEM grid (Structure Probe, Inc., West Chester, PA). Once the surface of the carbon coated TEM 

grids dried, it was transferred to the TEM grid holder and examined without staining. The 

acceleration voltage was set to 200 kV. All images were collected via the CCD camera attached to 

the TEM.

Raman spectra were collected using an AFM-Raman microscope (NTEGRA Spectra, NT-MDT 

Spectrum Instruments, Moscow, Russia) with a 10x objective and 500 nm wavelength laser over 

a Raman shift range of 800–2500 cm−1. Data from five separate scans using 1 mW of laser power 

and 10 s exposure time were averaged to minimize sample degradation while maximizing the 
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signal-to-noise ratio. Raman peak deconvolution was performed using automatic multiple peak fit 

methods and viogt function (Originlab, Northampton, MA., USA).

Fourier transform infrared spectroscopy (FTIR) Spectra of melanin samples were directly 

measured with attenuated total reflection (ATR) technic (Is10 FTIR, Thermo Nicolet, Thermo 

Fisher Scientific, USA). Spectra were recorded in wavenumber range of 400-4000 cm-1, resolution 

of 4 cm-1 and 30 sample scans.

UV-Vis spectra of EquusMel (200 µg/ml in DMSO) was measured by a spectrophotometer 

(Nanodrop 2000c, Thermo Scientific, USA) from a wavenumber range of 250-850 cm-1.

X-ray Photoelectron Spectroscopy was performed using the Kratos Axis Supra XPS. Survey and 

high-resolution spectra of 1s orbitals of carbon (C), oxygen (O), and nitrogen (N) were obtained 

using Al source. Elemental analysis was done by the peak areas and the relative sensitivity factors 

of the instrumentation to individual atomic species. High-resolution spectra were further analyzed 

by CasaXPS software. 

Specific surface area and pore size distribution of EquusMel was examined by nitrogen 

physisorption measurements using NOVA 2200E BET (Quantachrome Instrument) at 77.3 K. 

EquusMel was degassed at 200 °C for 12 h before BET measurements.

Static water contact angle was measured by sessile drop method using optical tensiometer (Theta 

lite Tensiometer, Biolin Scientific, Gothenburg, Sweden). 10 µl of ddH2O droplet was applied on 

the melanin pellet (50 mg) that was hydraulic pressed with pressure, p = 4 metric tons at room 

temperature. Water contact angle was automatically calculated according to five point-traced 

droplet shapes.  

Antibacterial Activity.
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The antibacterial activity of EquusMel and SynMel biopolymers was evaluated using gram-

negative Escherichia coli (E. coli, ATCC®15597™) and gram-positive Staphylococcus aureus (S. 

aureus, ATCC®25923™) strains. Prior to each antibacterial test, E. coli and S. aureus were 

streaked from a frozen glycerol stock onto lysogeny broth (LB) agar and commercially prepared 

tryptic soy agar with 10% sheep red blood cells (TSA-B) agar, respectively. A single bacterial 

colony was collected from the E. coli and S. aureus plates and inoculated in 5 mL of LB and brain 

heart infusion (BHI) liquid media, respectively. The cultures were incubated for 16 h at 37°C in a 

platform shaker. Bacterial growth concentrations were determined by means of optical density 

(OD) (Spectrophotometer, Nanodrop 2000c, Thermo Scientific, USA) at a 600 nm wavelength. 

Different concentrations of melanins (2.5, 5, 20, and150 mg/ml) were inoculated with 5 × 105 

CFU/ml bacteria suspensions (V = 100 µl) in a 96-well plate. The plates were incubated at 37℃ 

for 1, 2, 4, and 24 h. Aliquots of the samples were serially diluted and plated on agar media for 

overnight incubation at 37°C. Visible colonies were counted and compared with the negative 

controls, which grown without melanins. Each experiment was repeated three times. The 

bactericidal activity rate (R) of the EquusMel and SynMel was calculated according to following 

equation:

𝑅 =
𝑁𝐶 ― 𝑁𝑆

𝑁𝐶
× 100 %

where NC represents average concentration of bacteria in control and NS represents average 

concentration of bacteria when treated with a specific concentration of melanin. 

In order to validate the role of light source, melanins were stored in the light free environment for 

7 days before incubation with bacteria. 

Pro-oxidant Activity Assay.
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The level of H2O2 production was used as the metric for reactive oxygen species (ROS) generation. 

Melanins at different concentrations (2.5, 5, 20, and 150 mg/ml) were incubated with ddH2O for 4 

h under ambient condition. Aliquots of the aqueous solutions were assayed for the generation of 

H2O2 using Amplex Red reagent (ThermoFisher Scientific, Waltham, MA USA).84 In brief, the 

assay detects the excitation and emission at wavelengths of 571 and 585 nm. The amount of H2O2 

can be detected by the degree of oxidation from 10-acetyl-3,7-dihydroxyphenoxazine (ADHP) to 

resorufin. Data were measured using a fluorescence plate reader (SpectraMax M2e/EA, Molecular 

Devices, San Jose, CA USA).  Each experiment was repeated three times.
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Fig. 1. (a) SEM and (b and c) TEM images of EquusMel show the elliptical microstructure with 
mesoporous and layered structure within the individual particles. (d) Wide-angle X-ray scattering 
(WAXS) corroborates the presence of semicrystalline structure of EquusMel in meso scale that 
largely contains the ordered layers with d-spacing of 45.2 Å. (e) Pore size distribution 
determined by Barrett-Joyner-Halenda method shows the existence of primary pores within the 
range of 30-50 Å. (f) Nitrogen adsorption-desorption isotherms exhibit the multilayered type IV 
structural behavior with BET surface area of 3 m2/g.

Page 24 of 29Journal of Materials Chemistry B



Fig. 2. (a) FTIR spectra of EquusMel and SynMel. Two distinct peaks at 2850-2950 cm-1 suggest 
the presence of the aliphatic C-H stretch in EquusMel. (b) Raman spectra of EquusMel and 
SynMel are deconvolved into five bands (α-ɛ). Black lines represent the raw spectra. Bindings 
are highlighted in the respective colors in the chemical structure of eumelanin. Functional group 
R1 is COOH for SynMel and COOH or H for EquusMel.  (c) XPS are shown for EquusMel and 
SynMel. The atomic weight percentages of melanins shown in (d) suggest that EquusMel largely 
contains higher carbon and lower oxygen and nitrogen contents than SynMel. (e) Weight ratio of 
oxygen and nitrogen is shown based on the weight % of carbon. (f) High-resolution carbon peak 
indicates the higher presence of the aromatic C-C or C=C bonding compared to the C-N or C-O 
stretching. High-resolution peaks of oxygen in (g) corroborate the higher content of catechol 
groups from both EquusMel and SynMel. High-resolution peaks are deconvolved by CasaXPS 
and shown as color lines. Detailed peak positions are summarized in supplementary Tables S1, 
S2, and S3.  
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Fig. 3. In vitro antibacterial activities are tested using (a) E. coli and (c) S. aureus. Bacteria 
colony count was performed after 4 h exposure to EquusMel and SynMel at 37 ℃ with four 
different concentrations. Bacterial growth is broadly suppressed compared to the controls. Apart 
from 2.5 mg/ml EquusMel, all concentrations of both melanins exhibits significant decreases in 
bacterial growth for both E. coli and S. aureus. X indicates zero colonies. Data are presented as 
mean ± SD (n = 3). Statistically significant differences are indicated by ***p < 0.001, **p < 
0.01, and *p < 0.05 compared to the control.  Detailed bactericidal activities are given in 
supplementary Table S4. Representative images of agar plates are shown after incubating (b) E. 
coli and (d) S. aureus in melanins (150 mg/ml) for 4 h at 37 ℃. 
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Fig. 4. Temporal kinetics of bacterial reduction is shown for (a) E. coli, and (b) S. aureus 
through 24 h incubation at 37 oC. EquusMel exhibits a slight delayed response until 2 h 
compared to SynMel, however 100 % reduction is achieved for both melanins after 4 h of 
incubation. Bacteria incubation was performed at 37 oC with a melanin concentration of 150 
mg/ml under ambient light (n = 3). Graphs on the right column show the enlarged view of the 
full measurements. Trendlines are generated by interpolating the measured data. 
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Fig. 5. (a) The measured concentrations of hydrogen peroxide generated by four defined 
concentrations of melanins. Measurements were performed by colorimetry assay in 4 h after the 
aqueous solution under ambient light (n = 3). Inset displays the magnified values from 2.5 and 5 
mg/ml. (b) Proposed mechanism of ROS generation by melanins is shown. Photo-oxidation of 
melanins induces two electrons and protons leading to the production of superoxides. 
Superoxides and free protons can incorporate to reproduce H2O2. Another possible form of ROS 
is the hydroxyl free radical that promotes the antibacterial activity in the absence of light. 
Antibacterial activity of melanins in the dark environment (7 days) can be found from the 
supporting information Fig. S5.
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