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Highlights
- Comparison of the chemical composition of surface and bulk melanin derivatives.
- The main chemical functions of melanin structure do not change as a function of depth.
- Film processing can slightly change the chemical composition of melanin.

- Similar behavior was found for standard non-functionalized and sulfonated melanin derivatives.
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Abstract

The melanins are a class of natural pigments ubiquitous throughout the biosphere. These
pigments are gaining significant attention as advanced materials due to their biocompatibility,
optical and electrical properties. The most common form of melanin, eumelanin, has a well-
known problem of insolubility in most common solvents. The insolubility has made standard
chemical analysis challenging, leading to researchers opting to use X-Ray photoelectron
spectroscopy (XPS). However, standard XPS used on melanins and related materials have been
limited to being a surface technique, and hence reported values to date may not reflect the bulk.
In this work, we have investigated with XPS depth-profiling method the chemical information of
the surface and the bulk of powder and thin-films eumelanin and several melanin derivatives.
These latter derivatives are modified melanins designed to overcome the insolubility of the
standard systems. Our result indicates that there are only few differences in the chemical
composition of the melanin chemical structure between the surface and bulk, for either the
powder of film samples. Our results show that a basic surface probe is sufficient to obtain an
accurate elemental composition for basic melanin samples. As such, our analysis indicates that
XPS characterization is an important characterization of polyindolequinone systems in general
such as the melanins and polydopamines.

Graphical abstract XX

Keywords: X-Ray Photoelectron Spectroscopy; Depth-profile XPS, Polyindolequinone;
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Introduction

The melanins are a ubiquitous pigment found throughout the biosphere and plays many
important functional roles in higher-and-lower-order organisms, including humans [1,2]. The
two main forms of this class of pigment are eumelanin, the brown-black pigment and is
considered the archetypal melanin, and pheomelanin, the red-yellow pigment [1,2]. The melanins
are best known for their primary role in the human body, to act as photo protection against
harmful UV radiation [3], though they also appear in substantial amounts in other parts of the
body including the substantia nigra of the brain stem where their function is currently not know
but is suspected to aid in neural transmission [4].

In the past couple of years the melanins, more specifically eumelanin, has attracted
significant attention as an advanced material for applications in coatings and devices [5].
Eumelanin, or in common parlance, melanin, has several material properties that make it an
attractive material: i) biocompatibility [1]; ii) near unity optical absorption with a broad band
spectrum [6], iii) ability to chelate and react with large quantities of transition metal ions [7,8];
iv) a stable free radical signal [1]; v) easy processing for creating device-quality thin films [6—
16]; and vi) importantly, appears to sustain a solid-state protonic current [19-25] when wetted,
though there is still an active debate as to the nature of charge carriers in the dry state [26]. The
solid state protonic current has been attributed to a redox reaction, the comproportionation
equilibrium [21,23,27] in which the long-range conductivity is regulated by the local
concentration of protons and semiquinone free radicals.

Melanin itself “is a polyindolequinone system polymerized from two monomers,
dihydroxyindole (DHI1) and dihydroxyindole carboxylic acid (DHICA) and their various redox
states (Figure 1(a)) [1]. These monomers, under oxidative conditions, form a heterogeneous,
stacked oligomer system with characteristic properties such as the aforementioned broadband
UV-Vis absorbance and stable free radical signals observed via electron paramagnetic resonance
[1]. Melanin is thus a bio-macromolecular system with physicochemical properties that are

strongly influenced by disorder at several levels of structure, including its basic chemical make-
up [1].
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Figure 1. (a) The starting monomers for melanin polymerization. R = H (for DHI-like species)
or R = COOH (for DHICA-like species). Furthermore, HQ stands for hydroquinone, QI for
quinone imine, SQ for semiquinone and 1Q for indolequinone. (b) Proposed building blocks of
sulfonated melanins [28].

The structural disorder is well known, and the fact that the stacked oligomeric structure
leads to melanin’s well-known insolubility has made chemical analysis (e.g., simple elemental
analysis) of melanin a notorious problem [1].

One way researchers have dealt with their chemical analysis is to use X-ray photoelectron
spectroscopy (XPS) to determine the basic atomic ratios of their samples [12,14,29-32]. The
ease of use and the ability to skip the use of solvents and bypass the insolubility problem is a
significant benefit. Furthermore, melanin is known to be highly hygroscopic [16,23,33]. Hence
using XPS, a technique that is done under vacuum will have the bonus of removing the
substantial contribution of physisorbed water, which can skew an elemental analysis.

However, XPS is a surface technique, and the question always remains as to whether the
spectra observed is an accurate indication of the bulk of the material, since the upper layers of
the material can be modified by the adsorption of CO, water and other molecules from the air or
due to partial oxidation under contact with the air. To address this primary issue and investigate
whether the use of XPS in recent literature has been legitimate, we present here a depth profile
XPS study on melanin and melanin derivatives. The XPS technique has rapidly evolved in recent
times, and new spectrometers include “soft etching” argon cluster or fullerene/coronene depth-
profiling techniques, enabling the study of organic materials without graphitization. In essence,

as a photoelectron scan is obtained, the top surface of the sample is gently burned away with an
5
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ion beam, and the next layer investigated, i.e., the bulk is probed. Given this technique, we
believe it is an opportune time to explore melanin materials and see whether there is indeed a
difference between the surface and the bulk composition.

We extend our study to multiple kinds of melanin derivatives, including the soluble and
sulfonated melanins (Figure 1(b)) [9,28,34-36] as a compare and contrast study with a
“standard” synthetic melanin, since the elemental analysis of these materials is not well
investigated. These latter melanins have been engineered to overcome the insolubility problem
and present interesting properties by themselves, such as homogeneous thin-films production
[9,14,37,38], biocompatibility [37], redox activity [18,38], and paramagnetism [9,39].
Furthermore, we investigate the differences between pressed powder samples, which can be
considered as pure melanins, and those spin-coated for technological applications. Films are an
important morphology since the melanins as a class of material are being incoportated into a
wide array of devices in the form of thin films. Hence, thin fims of melanins are an important
standard to investigate. As such, melanin films are usually spin-coated out of a solvent, and there
is some question as to whether some chemical modification is occurring during this intermediate

fabrication step [14].

Experimental
All commercial chemicals were used without further purification.

Synthesis of melanin-derivatives in water:

Previously published methods for synthesis of melanin derivatives were followed [35,40].
In brief, 5 g of 3,4-dihydroxyphenyl-DL-alanine (DL-Dopa; Sigma-Aldrich) were dissolved in 2
L of deionized water. Ammonia (NHs; Sigma-Aldrich, 28 %) was used to adjusted the mixture to
pH 8. The solution was kept under constant stirring and with air bubbling through the solution
for 3 days. By keeping the maximum pH at 8 ensured that the ring fission of the indolequinone
moieties is kept to a minimum, ensuring a biomimetic material [41]. After 3 days, a concentrated
hydrochloric acid (Sigma-Aldrich, 25%) was used to adjust to pH 2 and precipitate the melanin.
The aggregated solution was filtered, washed several times using deionized water, and dried
overnight under ambient conditions to yield a black powder. This sample is designated as
NFMel-I.

0.3 g of DL-Dopa was dissolved in 60 mL of MiliQ water (18 MQ cm). The pH of the

6
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mixture was adjusted to be between 8 and 10 by the addition of 400 pL of aqueous ammonia
(NH4OH; Synth, 28-30%). The solution was kept stirring in room temperature (27 °C) and
oxygenated using an air pump for three days (sample designation: NFMel-S) or in a 150 mL
stainless steel reactor with an internal pressure of 6 atm of industrial oxygen gas for 6 hours
(sample designation: NFMel-6P). After this period, the solution was placed in a 3500 MWCO
dialysis membrane with MiliQ water as a dialysate medium for approximately four days. Finally,
black powder was obtained after dried of the aggregated solution in an oven at 90 °C for two

days.

Synthesis of sulfonated-melanin derivatives:

Sulfonated melanin derivatives were made following previous methods as follows
[9,34,36]: In 200 mL of DMSO (PA, Vetec, 99.9%), 1.50 g of DL-DOPA and 0.93 g of benzoyl
peroxide (Vetec, 75.0-80.0 %) were dissolved in a flask. This mixture was kept under magnetic
stirring for 57 days at room temperature (sample designation: SMel) or eleven days in a
temperature-controlled silicone bath at 100 °C with a reflux condenser attached to the flask
(sample designation: SMel-T). For extraction and purification, the reaction solution was heated
at 140 °C to concentrated to ¥ of the initial volume, and then 150 mL of acetonitrile (Synth,
99.5%) was added to the solution. The new solution was allowed to stand for two days.
Afterward, it was centrifuged at 2500 rpm for 15 minutes. The precipitate was dried in the oven
at 90 °C for two days.

0.45 g of DL-DOPA was dissolved in 60 mL of DMSO. The solution was placed in a 150
mL stainless steel reactor and stirred with 4 atm of O, internal pressure for six days (sample
designation: SMel-4P) or with 8 atm for three days (sample designation: SMel-8P). The same

extraction and purification procedure described for SMel and SMel-T was followed.

Sample preparation

Melanin was analyzed in two different formats: pellet and thin-film. For the pellets,
approximately 150 mg of each melanin derivative was crushed to a fine powder and pressed into
a pellet with dimensions of 13 mm of diameter and 1 mm of thickness using a standard pellet
press under 10 tons of pressure for 5 minutes. Afterward, for XPS analysis, the pellets were
broken in small pieces with around 0.3 cm?2.

Melanin thin-films were deposited into glass slides (25 x 25 mm) that were initially

7
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cleaned with a soap solution (Alcanox®), rinsed in water, ultra-sonicated in acetone (15 min) and
2-propanol (15 min). Prior to deposition, the glass was dried with nitrogen flow and treated with
UV-ozone (20 min). The films were prepared by two steps spin-coating (1000 rpm for 60 s and
4000 rpm for 30 s) with 30 mg/mL solution. Due to the insolubility of NFMel-1, thin-films are
usually made by dispersing the sample in a mixture of distilled water and ammonia (1 H,0:2
NH3 %v) [11]. Hence, 30 mg of NFMel-1 were dispersed in 1 mL of such mixture, stirred for 1
hour at 50 °C, ultra-sonicated for another 1 hour, and filtered with a 0.45 pm Hydrophobic PTFE
filter (Cole-Parmer). Additionally, as NFMel-S and NFMel-6P are water-soluble samples, a less
concentrated ammonia solution was used to decrease the possibility of any structural alterations
[14,16]. In this case, 30 mg of NFMel-S and NFMel-6P was diluted in 1 mL of a mixture of
deionized water and ammonia (3 H20:2 NH3 %vV) or 1 mL of deionized water only (1 H,0:0 NH3
%v) before following the same procedure from before. For sulfonated melanin derivatives
(synthesized in DMSQ), 30 mg of the sample were dispersed in 1 mL of anhydrous DMSO
(Sigma-Aldrich, > 99.9%), or anhydrous N,N-dimethylformamide (DMF; Sigma-Aldrich, >
99.8%), or anhydrous 1-Methyl-2-pyrrolidone (NMP; Sigma-Aldrich, > 99.5%) stirred for 1 hour
at 50 °C and filtered with a 0.45 um Hydrophobic PTFE filter (Cole-Parmer).

XPS measurements

The XPS was performed on a Kratos Axis Supra using a 225 W AlKo X-rays with an
emission current of 15 mA and equipped with a quartz crystal monochromator with a 500 mm
Rowland circle. The X-rays typically illuminate a 300 x 700 um area, with sampling depth being
limited by the mean free path of an electron in this energy range to < 10 nm. High-resolution
spectra were collected with a pass energy of 40 eV, with the hybrid lens setting that uses both
electrostatic and magnetic immersion lenses to collect the photoelectrons, 0.1 eV step size, 1 s
dwell time for electron counting at each step, and up to four sweeps depending on the
signal/noise ratio. The integral Kratos charge neutralizer was used as an electron source to
eliminate differential charging. For depth profiles, XPS spectra were collected after etching by a
rastered (3 x 3 mm) Arsg" (500 Argon ions) cluster beam for between 0-600 s. By using Argon
clusters this soft etching method allows for a gentle elimination of organic material and prevent
the common problem of graphitization. A good test for graphitization and stability of the
melanins, is to evaluate the melanin sample using the depth-profile analysis with different

acceleration voltages, which we do on NFMel-l1 and SMel with 5 and 10 kV acceleration
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voltages. Here it should be noted that the acceleration voltage is for the entire Argon cluster.
Hence the energy per atom is significantly less than expected for more classical single ion
etching, which otherwise could lead to major changes in the underlying chemistry [42]. By
integrating the carbon peak areas, Figure S1 in Supplementary Material, it is possible to observe
an increase in the atomic% for both pellets at 10 kV acceleration voltage, which can be
understood as the formation of the aforementioned graphite-like structures. Thus, the result
indicates that the samples are unstable at such etching energy. Hence, all the measurements were
performed with 5 kV to avoid possible degradation effects of the melanin structure. During depth
profiling, the excess argon caused pressure in the sample analysis chamber to rise to 3.0 x 107’
Torr from the instrument base pressure of 4.4 x 10”° Torr. The integral charge neutralizer was
used to limit the build-up of any surface charge.

The analysis was performed in CasaXPS (2.3.17dev6.4k) using the Kratos sensitivity
factor library. A Shirley background was used, and mixed Gaussian-Lorentzian peaks, with 30%
Lorentzian character (GL(30)), fitted to the raw data. After fitting of the data, the x-axis of all
spectra was charge calibrated to the C-C component in the C1s fit at 284.8 eV.

Results and discussion

Synthetic Non-Functionalized Insoluble Melanin Powder

Our study begins with the XPS spectra of the pellet sample labeled NFMel-I, which is a
sample made with the standard procedure and are accepted as synthetic versions of melanin [41].
This enables us to cbtain a baseline of comparison when we come to compare to the other
materials. From the surface high-resolution scans (i.e., time = 0 seconds, Figure 2(a-c)), we
estimate the atomic content for carbon (C1s), oxygen (O1s) and nitrogen (N1s) and compare it to
the values we would expect for a non-functionalized poly-DHI (NF-DHI) and non-functionalized
poly-DHICA (NF-DHICA) systems. In principle, the synthetic melanins should roughly be in
between the aforementioned polyindoquinone systems. The atomic percentages and ratios are
shown in Table 1 (first three rows) for the pellet surface. The data in Table 1 were renormalized
to exclude the pellets contaminants of sulfur (S2p), calcium (Ca2p) and silicon (Si2p) (see Table

S1 for each atomic composition) from syntheses solvents impurities and sample handling.
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Table 1. The atomic composition (atomic concentration %) and atomic ratios determined from
pressed powder pellets of standard synthetic melanin samples.

NF-DHI

(Theoretical) 2.7 18.2 9.1 8 2 4
NF-DHICA
(Theoretical) 64.3 29.6 7.1 9 4 2.2
NFMel-I
(Pellet surface) 69.1 226 8.2 8.4 2.7 3.1
(pl::':gt/lgtllk) 69.7 19.2 11.1 6.3 1.7 3.6

By comparing the C/O/N contents, it is possible to evaluate that they are within anticipated
values, which suggest that these samples are a combination of DHI and DHICA (in fewer
amount) monomers. Hence, at the moment, the surface scan result does appear to validate the
XPS method for elemental analysis. However, as indicated in the introduction, the surface may
still not be a representation of the bulk. To this end, we inspect the resulting depth profile spectra
(Figure 2(a-c), time >0 s).

10
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Figure 2. (a-c) High-resolution XPS depth profiling spectra of NFMel-I pellet. The legends
indicate the time since start of depth profiling. 0 seconds is equivalent to a standard surface scan,
whereas 600 s (after five etching procedure with 5 kV energy during 120 s each) is considered
the pellet bulk. (d-f) High-resolution XPS spectra simulation for a surface pellet of NFMel-I. The
same modeling was applied to the depth profile spectra. (g-i) Functional group distribution as a
function of etching time normalized by the surface intensity.

The carbon spectra, Figure 2(a), shows that there are minimal changes with etching, which
demonstrate that the underlying carbon chemistry is unchanged between the surface and the bulk.
Note that the small variation in intensity at around 284.8 eV could potentially be ascribed as the
removal of adventitious carbon. However, one may see that the intensity of O1s spectra, Figure
2(b), decreases of about 9.4%, in area, while N1s, Figure 2(c), increases about 38.8%. The

difference in the oxygen spectra could be understood as due to the removal of water trapped
11
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within the macromolecule or the removal of surface impurities. Given that the reported binding
energies for H,O can range from ~533 — 535 eV with outliers to 538 eV (see example in
references [43-45]), the presence of water is an unlikely reason. Hence, we ascribe the change to
the removal of oxygen impurities.

Regarding the nitrogen behavior, the binding energy is commensurate with that of indole
nitrogen, as has been observed for melanin and melanin-like materials [29,30,32]. Therefore, we
suggest that the indole nitrogen on the surface is a slightly different chemical species to that
which is seen in the bulk, but both are indoles. In fact, the depth profile spectra in Figure 2(c)
show that there is a subtle shift to higher binding energy (+ 0.2 eV), which could be understood
as changes in the nitrogen atom local charge. Such variation suggests a lower electron density,
probably due to the possibility of a more systematic opportunity for non-covalent interactions
(like hydrogen bonding) given by a packed structure [46].

With the above, we calculated the atomic percentages and ratios of the pellet bulk (i.e.,
with 600 s of etching) and the results are shown in Table 1 (last row). The data indicate that the
bulk is well within the expected values for a melanin sample, barring the nitrogen content, which
is only slightly outside the expected range. Therefore, the depth profile data for the bulk
confirms that the surface and the bulk chiemical composition of the standard melanin are similar
enough to that of a surface scan, which validates and confirms previous elemental analysis done
via XPS. It is important to note here that, NFMel-I and, as we will be shown latter, the other
melanin samples did not change significantly in relative intensities of the XPS spectra of the
constituent atoms as well as binding energy positions of the XPS core-level C(N,0)1s spectra,
i.e., the surface (t = 0 s) and the bulk scan (t = 600 s) give the same result, which imply that any
possible damage or surface modification provoked by the Arsgy" cluster beam can be consider
minimal or non-existent, unlike what occurs in semiconducting crystals at higher Ar* energies
[47-50].

However, to make the above even more useful for any future work, we now turn to some
modeling of the peaks. A representative peak simulation of the high-resolution XPS spectra of
C1ls, Ol1s and N1s regions at the pellet surface is shown in Figure 2(d-f). The assigned chemical
groups with their respective energies are listed in Table S2 and are compatible with those from
the literature [29-32,35]. The same model was a good representative of these three regions for all
depth profiled spectra. The only difference was the atomic composition intensity of each peak
that is shown in Figure 2(g-1).

12
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There are five carbon species assigned to CxHy, C-O/C-N, C=0, O-C=0 and n-r* to fit
the C1s region reasonably. The intensity of primary peaks attributed to CxHy, C-O/C-N and
C=0 species seems not to suffer significant variation with etching time, which is an indicator
that the basic melanin indole structure remains the same from the surface to the bulk. On the
other hand, a slight decrease in intensity was observed for O-C=0 species, whereas n-n* satellite
showed a significant increase with etching time. The latter can be an indication of higher strength
of extended delocalized electrons from aromatic carbon species in bulk, probably related to the
n-n packing in the melanins [51,52]. Moreover, Figure 1(a) shows that the basic monomers of
melanin have quinone oxygen/ketones, hydroxy and carboxyl groups (for DHICA species only).
Hence, our attributions of two peaks assigned to O=C and O—C species for the fit of the Ols
region are in good agreement with the expected chemical composition. These species seem to be
consistent across the entire sample, however, with the change in intensities related to the removal
of surface impurities, as discussed above. Note that the ratio of ketone/hydroxyl indole groups
will not necessarily be one to one, due to the structural disorder and inability to precisely control
the oxidation status of the different monomeric species that build up the samples. The N1s
regions were fitted with three different indole nitrogen species. Based on the melanin chemical
structure, the main species (R,-NH) is understood as the pyrrole-like nitrogen from the indole
structure, while the imine (=NR) functionality as the tautomer quinone imine (QI in Figure 1(a))
and potential non-cyclized structures and polaron species (RNHy/NH3"). It is interesting in the
N1s region, is that R,-NH species do not vary with the etching time, which corroborates the

above discussion that the basic melanin is not changed from the surface to the bulk.

Synthetic Non-Functionalized Insoluble Melanin Thin-film

As mentioned previously, melanin thin films possess an important morphology for device
applciations, and hence should be investigated. Thin-films for standard synthetic melanins are
usually obtained using an ammonia solution to help dissolve the initial powder and improve its
adhesion. Still, it can also increase the nitrogen content in the sample [14,16]. Hence, we would
like to evaluate if the ammonia would present a more significant effect on the chemical
information on the melanin sample, i.e., the stability of the indole ring structure and oxidation
state. The corresponding atomic percentages and ratios are given in Table 2 and the resultant
XPS spectra can be seen in Figure 3(a-c). Again, the results presented in Table 2 were

renormalized to exclude sulfur (S2p), calcium (Ca2p), silicon (Si2p) and sodium (Nals)
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impurities (see Table S3).

Table 2. The atomic composition (atomic concentration %) and atomic ratios determined from
the spin-coated thin-films of standard synthetic melanin samples.

NFMel-1
. 61.2 26.8 12.0 51 2.2 2.3
(H,O+NHg3 film surface)
NFMel-1
. 62.9 22.7 14.3 4.4 1.6 2.8
(H,O+NHg3 film bulk)
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Figure 3. (a-c) Cls, Ols and N1s high-resolution XPS depth profiling for NFMel-I thin-film
from standard water and ammonia procedure (H,O+NHs;). Also indicated in the legends is the
time since the start of depth profiling. 0 seconds, in this case, is equivalent to a standard surface
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scan. 600 s (equal to 5 different etching with 5 kV energy during 120 s each) represents the thin-
film bulk. (d-f) High-resolution XPS spectra simulation of C1s, Ols and N1s regions for a
surface thin-film of NFMel-1 prepared using standard ammonia procedure (H,O+NHz). The same
modeling was applied to the depth profile spectra. (g-i) Functional group distribution as a
function of etching time normalized by the surface intensity.

The films prepared with the traditional ammonia solutions showed a few divergences to the
theoretical values for the surface scans. It is clear that the use of ammonia increases the amount
of nitrogen in the film, as shown in a previous study [14]. As a result, the percentage values of
carbon and oxygen are also changed. Such alterations could be an indication of adjustment in the
melanin stacked oligomer particles’ surface exposed to the high oxidative environment. When
we turn to the bulk result (e.g., 600 seconds), we see some changes in carbon peaks, some in the
oxygens, but in either case, not nearly as much as was observed for the pellets. It appears that the
thin-film processing removed the oxygen impurity, or the pellet press for pellet sample imparted
a contaminant, or the films are less conducive to adsorb pollutants from the environment. Again,
the nitrogen peak shows a distinct difference, with a shift to higher energy. Furthermore, we see
similar behavior for the other thin-film samples, which indicate that the solution process leads to
some chemical redistribution, either by altering the n-n staking strength or changing some of the
underlying chemistry of indole structure. However, to gain a deeper understanding of the
chemistry involved, especially the nitrogen, we undertook the modeling of the depth profile
results that are shown in Figure 3 (d-1).

The overall depth profile behavior of the thin-films modeling is in accordance with the
results from the pellets, nonetheless, with some divergences. Similarly to pellet data, CxHy, C-
O/C-N and C=0 contributions do not suffer significant differences with etching. Still, the O-
C=0 varies differently, probably due to the oxidative environment caused by ammonia. Even
though we have considered n-n* satellite in the simulations, their intensities were negligible
compared to the other peaks. This could be related to possible oligomeric sheets' destacking
effect caused by water or alkaline solution [51,53,54]. Also, it is possible to see that the change
in intensity of O-C (Figure 3 (h)) and =NR (Figure 3 (i)) are smaller than what was seen in
powder, which could be related to fewer impurities adsorbed in the film as mentioned before.
The main difference was the presence of a broad peak at 536.0 + 0.5 eV that can be attributed to
sodium Auger electrons originated from the glass substrates [55] and the absence of the peak
related to non-cyclized structures. In any case, it does appear that for the films, the surface and
the bulk profiles are much closer to one another than the pellet samples. Therefore, it would
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appear that thin-film characterization of the surface scan is an even better approximation of the
chemical composition, demonstrating the potential for elemental composition characterization of
melanin by XPS.

Synthetic Non-Functionalized Soluble Melanin Samples

In order to evaluate if the above discussion could be applied to other samples, we have
considered different soluble, non-functionalized melanin derivatives and soluble sulfonated
melanin derivatives (which we will turn to in a little while).

The two water-soluble non-functionalized melanin derivatives chosen to be studied here
were obtained by slightly changing the synthetic parameters of each sample. These samples have
similar structures to the standard one discussed above. Still, they tend to show a higher amount
of carboxylic acid content or, alternatively, an increase in its oxidation state [35]. Our study
begins with the estimation of the atomic content for carbon (C1s), oxygen (O1s) and nitrogen
(N1s) and their ratios for the pellet and thin-film systems. However, we will first focus on the
pellet morphology data, as presented in Table 3, which shows the atomic percentages and ratios
after excluding the of sulfur (S2p), calcium (Ca2p) and silicon (Si2p) impurities (see Table S1).

Table 3. The atomic composition (atomic concentration %) and atomic ratios determined from
pressed powder pellets of soluble non-functionalized melanin samples.

C O N

S (at%) (at%)  (at%) CIN ON C/O
(Twelzrzt?clal) 2.7 18.2 9.1 8 2 4
(I'T'Eégrlztli%eﬁ) 64.3 29.6 7.1 9 4 2.2

(Pel?:gtl\gﬁlr;‘ice) 67.6 23.3 9.2 7.4 25 2.9
(PNeﬁZl %tfk) 71.2 17.7 11.1 6.4 1.6 4.0
(Pz::elz/lseul;?aie) 65.9 24.5 9.6 6.9 25 2.7
(ye':,:\é'tet';ﬁi) 68.4 20.2 11.4 6.0 18 3.4

The XPS C/O/N content of NFMel-S and NFMel-6P present in Table 3 is compatible with
the one found for NFMel-I, indicating that these samples are also a combination of DHI and

DHICA monomers. To deepen our analysis, we also evaluate the high-resolution depth profiling
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spectra of NFMel-S and NFMel-6P and they are displayed in Figure 4(a-c, g-i).
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Figure 4. (a-c, g-i) Cls, Ols and N1s high-resolution XPS depth profiling for NFMel-S and
NFMel-6P pellet (see legend). (d-f, j-I) XPS functional groups distribution for NFMel-S and
NFMel-6P pellets as a function of etching time.
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Comparing both the surface (0 s) and the bulk (600 s) of each material, in the same way we
did above for NFMel-1, one can also see a decrease in the O1s spectrum area (of about 22.7% for
NFMel-S and 21.9 % for NFMel-6P) and an increase in the N1s spectrum area (of 23.9 % for
NFMel-S and 12.8 % for NFMel-6P) after the etching. Another feature of N1s spectra is that
there is also a slight shift towards higher energy (+ 0.2 eV for NFMel-S and NFMel-6P)

The modeling analysis of these spectra was identical to the NFMel-I for all the C1s, O1s
and N1s regions (Figure 2(d-f)). The only difference was the atomic composition intensity of
each peak that is shown in Figure 4(d-f, j-1). The variation of each peak assignment has the same
comportment of the ones in Figure 2(g-i) for NFMel-I, indicating that the different melanin
samples have the same behavior with etching. Therefore, such a result implies, again, that a
surface scan can be an excellent alternative to obtain the elemental composition of the system
with a fine approximation to all modeling peaks for all kinds of “standard melanin”.

We now tackle the thin-film morphologies of NFMel-S and NFMel-6P samples. Initially,
our focus was on the atomic composition of the films prepared with water and ammonia
mixtures. The results present in Table 4 show the renormalized values to exclude possible film
contaminants (see in Table S3 the composition of sulfur S2p, calcium Ca2p, silicon Si2p and

sodium Nals).

Table 4. The atomic composition (atomic concentration %) and atomic ratios determined from
spin-coated thin-films of soluble non-functionalized melanin samples from H,O+NHj3 solutions.

Samples (agm ) (ato%) (amm ) C/N O/N C/O
(H20+NNHZ“§'i‘i:T']Ssurface) 62.3 252 125 5.0 2.0 25
(H20+N,\L'\:'$i'l'§] bull) 60.7 233 16.0 3.8 15 2.6
(H20+Slizﬂf?l'r'fzurface) 57.9 204 127 4.6 23 2.0
NFMel-6P 56.3 278 159 35 1.8 2.0

(H,0+NH; film bulk)

Once more, the comportment we observe for the soluble samples is compatible with
NFMel-1. That is, there is an increase in the nitrogen content of the film with a slight decrease in

carbon and oxygen content. As we mentioned before, such variation can be related to the
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remolding of the oligomer particles’ surface. However, what caught the most attention was the
higher variation of the atomic composition of NFMel-6P in comparison to NFMel-S (that is more
or less the same as NFMel-1), which could imply that such sample is more unstable under high
oxidative environment cause by the ammonia. Therefore, to evaluate the possible effect of the
ammonia solution in these samples and understanding of the chemistry involved, we combine the
analysis of the high-resolution spectra with their modeling, shown in Figure 5. The same number
of peaks as used for NFMel-I (Figure 3(d-f)) was necessary for NFMel-S and NFMel-6P, but

with differences in intensity.
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Figure 5. (a-c, g-i) Cls, Ol1s and N1s high-resolution XPS depth profiling for NFMel-S and
NFMel-6P thin-films (see legend) following the standard water and ammonia procedure. (d-f, j-I)
XPS functional groups distribution for NFMel-S and NFMel-6P thin-film from water &
ammonia procedure as a function of etching time.
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The result present in Figure 5 indicates that there is no significant differences between the
surface and the bulk of each thin-film samples. The main differences are related to O-C=0 and
=NR peaks of NFMel-6P that changes with the fabrication procedure or even with etching. Such
variation could be a consequence of the higher oxidation state of NFMel-6P that lead to smaller
particles (compared to NFMel-S) [35] that are unable to withstand the deposition process and the
etching step, or it could be related to the higher amount of oxygen impurity as we can see in
Figure 5(e, k).

Now, we turn to NFMel-S and NFMel-6P thin-film prepared using only water. The atomic
percentages and ratios of each sample are given in Table 5 with their resultant depth profile XPS
spectra in Figure 6. Table 5 shows the renormalized data to exclude calcium (Ca2p), sulfur

(S2p), silicon (Si2p) and sodium (Nals) impurities (see Table S3).

Table 5. The atomic composition (atomic concentration %) and atomic ratios determined from
spin-coated thin-films of soluble non-functionalized melanin samples from H,O solutions.

NFMel-S
(H,0 film surface) 64.0 25.5 105 6.1 2.4 25

NFMel-S
(H20 film bulk) 60.8 25.7 13,5 4.5 1.9 2.4

NFMel-6P
(H20 film surface) 61.1 27.9 11.0 5.5 25 22
NFMel-6P 60.7 264 129 47 2.0 23

(H,0 film bulk)
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Figure 6. (a-c, g-i) Cls, Ol1s and N1s high-resolution XPS depth profiling for NFMel-S and
NFMel-6P thin-films (see legend) using the water-only procedure. (d-f, j-I) XPS functional
groups distribution for NFMel-S and NFMel-6P thin-film from water procedure as a function of
etching time.
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Initially, we had expected that the estimation of the elemental analysis of the H,O thin-
films would be similar to the pellets data (Table 3) because no high oxidation environment was
used to prepare the films. However, comparing the data from Table 5 to Table 3 & 4, it appears
that the values are within both pellet and H,O+NHj3 thin-film results. These values may reflect
simply sample to sample variation due to the chemical heterogeneity of melanins or that the
overall deposition procedure is somewhat affecting the macrostructure organization of the
melanin samples. In any case, the atomic values are consistent for the surface and depth profile
of the bulk, corroborating that a basic surface XPS scan essentially captures the bulk elemental
composition for these materials.

When it comes to the details of the underlying chemistry, the actual XPS profiles in Figure
6, when compared to previous data above (Figure 4 and Figure 5), show some differences. For
instance, the intensity of the surface C1s peaks changes as we go deeper into the sample, but the
differences are consistent with all the etching. Such behavior could indicate that the surface
chemistry was altered or using water during deposition, the surface is more affected by the
impurities, which could imply that the ammonia could assist the cleaning of the samples.

Another interesting result is that comparing the O-C=0 and =NR peaks of NFMel-6P from
ammonia solution (Figure 5(j, 1)) with only water (Figure 6(j, ), it is possible to observe that
there is significant alteration in its intensity, implying that the ammonia and the deposition
process can influence the chemistry of, at least, NFMel-6P.

In short, NFMel-S and NFMel-6P behave similarly to NFMel-I in all aspects. Therefore,
these results corroborate our initial proposal that the chemical composition of both pellets and
the thin-films (spun out of H,O+NHj; or just H,O) surface can be a good approximation of the

bulk a particular melanin sample.

Powdered Synthetic Sulfonated Melanin Samples

We now turn our attention to the investigation of other synthetic melanin systems that has a
more complex structure to see whether the trends observed above continue. The data presented
below are on sulfonated melanin that incorporates sulfonated structures (Figure 1(b)) in the basic
DHI and DHICA monomer moieties. It is necessary to stress that, in addition to the presence of
sulfonated groups, these samples have slightly different oxidation (SMel-T < SMel < SMel-8P <
SMel-4P) states and polymerization structures through carbon (SMel and SMel-T) or oxygen
(SMel-4P and SMel-8P) bonds [34,36].
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The C1s, O1s, N1s, and S2p atomic ratios were obtained for the sulfonated samples and are
shown in Table 6. Note that such values do not take into account calcium (Ca2p) and silicon
(Si2p) impurities (see Table S4). For comparison, we also show the theoretical values expected
for sulfonated-DHI (S-DHI) and sulfonated-DHICA (S-DHICA) monomers considering the

presence of only one sulfonated group attached in any of the possible positions (Figure 1(b)).

Table 6. The atomic composition (atomic concentration %) and atomic ratios determined from
pressed powder pellets of sulfonated melanin samples.

C O N S

Samples @%) (@) (at%)  (ato) CIN O/N S/N C/O
(Thi;?e'?i'cal) 601 267 67 6.7 9 4 1 225
(Tsr;g;'e't?c’;) 556 333 56 56 10 6 117

(Pe”;'\;'jr'face) 723 224 35 18 207 64 05 3.2
(Peﬁ’é\t"ghlk) 761 179 43 17 176 42 04 42
(Peﬁe'\t"gﬂace) 696 232 44 28 159 53 06 30
(PeS|'|\gflt;J|k) 754 169 52 25 144 32 05 45
(Pelslle\:/tlitfche) 661 250 56 34 118 45 06 26
(Pi'l\l"e‘i';)ﬁk) 697 201 70 32 99 29 05 35
(Pelsl';fitffzce) 670 241 58 30 115 41 05 28
(Pse'l\l"ei'é)i'lak) 701 201 68 29 103 29 04 35

Based on the elemental analysis shown in Table 6, one may see that the C/O/N/S amount is
different from the theoretical considering the proposed sulfonated structure. However, they are
compatible with the non-functionalized monomers (see Table 1 to Table 3), which suggests that
not all monomer moieties have sulfonated groups attached to them as confirmed by the ~0.5
atomic ratio of S/N. What also catches the attention was the low amount of nitrogen for SMel
and SMel-T, which is probably related to the chemical heterogeneity discussed in the
introduction section. However, we cannot completely rule out the possibility that other chemical

entities have replaced some of the nitrogen from DL-DOPA before intramolecular cyclization or
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that the sulfur group could potentially de-stabilize the DL-DOPA nitrogen and remove it from
the melanin precursor. In-depth analysis with °N, **S and *H-*C nuclear magnetic resonance
technique should assist a more precise structural elucidation; however, they are not in the scope
of the present study.

As we aim to evaluate if the surface analysis of the sulfonated melanin samples is a good
representation of the bulk, we also inspected the depth profile of these samples. Figure 7 shows
the C1s, Ols, N1s, and S2p spectra for SMel pellets. The same behavior was found for the other
three samples, and their spectra are shown in Figure S2-S4.
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Figure 7. Cls, O1s, N1s and S2p high-resolution XPS depth profiling of SMel pellet.

By comparing Figure 7 with the non-functionalized melanin pellet spectra in Figure 2 and
Figure 4, it is possible to observe that the overall high-resolution depth profile behaves in the
same manner with a decrease in the O1s spectrum area of 15.3 % and an increase of 31.8 % for
N1s. The main differences are related to a higher intensity of S2p spectra (with 1.4% variation
between surface and bulk) and the slight increase (about 11.3 %) of the C1s spectrum area,
which can be attributed to the sulfonated groups attached to the melanin indole ring. Another

divergence is the absence of a significant shift of the N1s peak position with etching, in
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agreement with an earlier preposition that sulfonated melanin has a less densely packed structure
[36].

Here, we also investigate the chemistry involved in this sample using depth-profile
modeling, see Figure 8. The assigned chemical groups with their respective energies are listed in
Table S6. Again, in this case, the same model was applied to the other sulfonated samples and

the result are shown in Figure S5.
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Figure 8. (a, b, ¢, g) C1s, O1s, N1s and S2p high-resolution XPS spectra simulation for the SMel
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For sulfonated melanin, seven carbon species (CxHy, C-N, C-O, C-S C=0, O-C=0 and =n-
n*) were considered to fit the C1s region. As shown in Figure 8(b), the peaks attributed to the
basic melanin structure do not vary with etching, indicating that the same structure is obtained
for both surface and bulk. The only variation was related to the C-S peak that can be associated
with the sulfonated groups and to DMSO trapped in between melanin layers. In the same way,
the oxygen peak was deconvoluted to three components related to O-C and O=C/O=S bonds
from ketones, hydroxyl, carboxyl and sulfonated groups and oxygen impurities absorbed at the
surface. N1s region was fitted considered three different nitrogen species: R,-NH as the main
specie related to indole structure, =NR related to imine group and RNH,/NH;" from non-cyclized
forms. The proposed model is compatible with non-functionalized melanin, which could point to
similar systems.

Additionally, note that both O1s and N1s also do not suffer significant variations with
etching, indicating high stability of the sulfonated melanin macrostructure. The S2p spectrum
shows three significant contributions from -S-, -SO- and -SO,- that are associated with the
sulfonated groups and synthetic DMSO, whereas another component of low intensity and high
binding energy was ascribed to -SO4= from synthetic by-product contamination [36]. Such
behavior is corroborated by the atomic ratio evolution of each contribution normalized by the
nitrogen’ atomic concentration (see Table S5). Figure 8(h) indicates that there is not a high
deviation between surface and bulk of sulfonated melanin, of which the small variations could be
understood with the removal of synthetic impurities in the samples. Therefore, the result present
here agrees with our previous discussion that we can use a surface analysis also to characterize
the bulk of sulfonated melanin derivative.

Thin Film Synthetic Sulfonated Melanin Samples

Thin-films of SMel are usually made from DMSO solution [9,14,18,37,38,56,57];
however, recently, it has been shown that sulfonated melanin samples are also soluble in solvents
like DMF and NMP [36]. Thus, we intend to evaluate the interaction of each derivative with
these different solvents and verify if the surface of the thin-film is still compatible with its bulk.
Hence, Table 7 presents the elemental analysis obtained at the surface of each film and Figure 9
of their depth profile. In the present case, Table 7 also exclude the impurities of calcium (Ca2p),
silicon (Si2p) and sodium (Nals), see Table S6.
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Table 7. The atomic composition (atomic concentration %) and atomic ratios determined from
the surface of spin-coated thin films of sulfonated melanin samples.

S-DHI
) 60.1 26.7 6.7 6.7 9 4 1 2.25
(Theoretical)
S-DHICA
55,6  33.3 5.6 5.6 10 6 1 1.7

(Theoretical)

DMSO 66.1 29.4 3.3 1.1 19.9 8.8 0.3 2.2
SMel DMF 74.1 22.1 2.9 0.9 25.2 7.5 0.3 3.4
NMP 61.5 34.0 3.5 1.1 17.6 9.7 0.3 1.8

DMSO 64.7 29.9 3.9 1.6 16.7 7.7 0.4 2.2
SMel-T DMF 67.0 26.8 43 1.9 155 6.2 0.4 2.5
NMP 604 334 4.6 1.7 13.2 7.3 0.4 1.8

DMSO 56.4  34.8 6.9 1.8 8.2 5.0 0.3 1.6
SMel-4P DMF 66.5 27.3 4.5 1.7 14.8 6.1 0.4 2.4
NMP 56.5 36.1 5.6 1.8 10.2 6.5 0.3 1.6

DMSO 574 351 6.4 1.0 9.0 5.5 0.2 1.6
SMel-8P DMFE 67.7 26.3 4.4 1.6 154 6.0 0.4 2.6
NMP 58.1 33.9 6.1 1.9 9.5 5.5 0.3 1.7

The values displayed in Table 7 and Table S7 are in agreement with the pellet analysis
(Table 6), indicating that pieces of information about the basic melanin structure, i.e., aromatic
carbon structure, is not lost, as evidenced by the Cls, Ols, and N1s high-resolution spectra in
Figure 9. However, S2p spectra do show small changes. Such variations can not necessarily be
related to a fundamental alteration in the melanin structure; instead, it could only be a response
of higher concentration of the solvent trapped in between the melanin particles or to some
modifications in the sulfonated group due to instability of this group [28]. In fact, when

analyzing the chemistry information of the sample, evidenced in Table 8 (without calcium
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(Ca2p), silicon (Si2p) and sodium (Nals) impurities, see Table S8.), Figure 10 and Figures S6-
S8, we cannot see higher variations when comparing the surface and the bulk. The more
considerable variation observed with NMP solution (Figure 9, Figure 10 and Figures S2-S8) that
could only be an indication that the films are not thick enough or are not homogeneous so that
the glass substrate is contributing to the signal, as evidenced by the higher proportion of
impurities in Table S8. Additionally, note that the thin-films fabrication process of sulfonated
melanin also shows the ability to be able to clean the sample, as there was no need to use the
peak assigned to synthesis impurities (-SO;-) to fit the S2p high-resolution spectra.

Table 8. The atomic composition (atomic concentration %) and atomic ratios determined from
the bulk of spin coated thin films of sulfonated melanin samples.

S-DHI
) # 60.1  26.7 6.7 6.7 9 4 1 2.25
(Theoretical)
S-DHICA
) # 55.6  33.3 5.6 5.6 10 6 1 1.7
(Theoretical)

DMSO 67.8 27.1 4.2 0.9 16.3 6.5 0.2 2.5

SMel DMF 72.4 22.4 4.3 1.0 17.0 5.2 0.2 3.2
NMP 8.4 90.9 0.6 0.2 135 1472 03 0.1

DMSO 58.0 35.8 4.6 1.6 125 7.7 0.3 1.6

SMel-T DMF 71.3 214 5.4 1.9 131 3.9 0.3 3.3
NMP 62.7 30.3 5.4 1.6 11.7 5.6 0.3 2.1

DMSO 53.0 38.0 7.5 1.6 7.1 5.1 0.2 14

SMel-4P DMF 74.4 18.9 5.0 1.7 14.7 3.7 0.3 3.9
NMP 7.5 90.8 1.2 0.4 6.3 757 0.3 0.1

DMSO 55.7 36.5 6.9 0.9 8.1 5.3 0.1 1.5

SMel-8P DMF 71.3 22.1 4.8 14.7 4.6 4.6 0.4 3.2
NMP 12.5 85.8 1.6 0.1 7.9 54.3 0.1 0.1
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Figure 9. High-resolution (a-c) Cl1s, (d-f) O1s, (g-i) N1s, and (j-1) S2p XPS depth profiling of
SMel thin-film from DMSO (left column), DMF (middle column) and NMP (right column)
solutions.
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Figure 10. XPS functional groups distribution for SMel thin-film from DMSO (left column),
DMF (middle column), and NMP (right column) solutions as a function of etching time. The
surface intensity normalized the intensity of each group.

Therefore, based on what we have shown in this section, we have demonstrated that the
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film deposition process, regardless of which solvent is used, does not change the basic structure
of melanin. In addition, no very significant variation was observed when comparing the surface
and bulk of the sample, corroborating our proposal.

In regards to potential polyindolequione systems containing metal ions, a recent study [8]
in which Cu(ll) was incorporated into a melanin sample showed that one can obtain qualitative
insight into the chemistry, but no real quantitative atomic ratio analysis due overlapping from
oxygen species higher energy peaks. Hence, any future study of systems with metal ions will
require a case by case assessment.

To conclude, in light of the above observations, we presented evidences towards the use
of surface XPS scan to obtain the elemental composition of any melanin or polyindolequione
derivative with non-metallic atoms because the surface seems to be a good representation of the

bulk structure.

Conclusions

From the work presented here, there are a couple of basic rules that can be applied to the
study of melanins, or polyindolequinone in general, including the polydopamines, that do not
include metallic atoms. The first is that a surface scan of any polyindolequinone system (no
matter the morphology) will essentially give the same atomic ratio as the bulk and, therefore,
XPS is an excellent tool for elemental analysis. The second rule is that, for standard melanins,
there are slight differences in the chemistry of the bulk and the surface. The final rule is for
standard melanin thin-films and all morphologies of the other melanins (soluble and sulfonated),
the atomic chemistry of the surface is representative of the bulk as well. This is good news for
work on technological applications for these systems, which rely on thin-film morphologies.
Using XPS surface scans to obtain chemistry of the bulk will greatly expedite research efforts on
the poly indolequinone systems.

Overall, the data shows that the use of XPS as an elemental analysis tool has been placed
on a firmer footing and should be part of the basic characterization of the polyindolequinone
systems.
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