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Abstract: Melanin and related polyphenolic pigments are versatile
functional polymers that serve diverse aesthetic and protective roles
across the living world. These polymeric pigments continue to inspire
the development of adhesive, photonic, electronic and radiation-
protective materials and coatings. The properties of these structures
are dictated by covalent and non-covalent interactions in ways that,
despite progress, are not fully understood. It remains a major
challenge to direct oxidative polymerization of their precursors (amino
acids, (poly-)phenols, thiols) toward specific structures. By taking
advantage of supramolecular pre-organization of tyrosine-tripeptides
and reactive sequestering of selected amino acids during enzymatic
oxidation, we demonstrate the spontaneous formation of distinct new
chromophores with optical properties that are far beyond the range of
those found in biological melanins, in terms of color, UV absorbance
and fluorescent emission.

Nature provides a tremendous source of inspiration for the
development of sustainable polymeric materials with precisely defined
structural and optical properties. Examples include high-performance
materials based on mussel-inspired adhesives,’? adaptive
pigmentary,® and pigment-based coloration.*® Melanin pigments are
now recognized as promising materials with potential uses in various
applications,” due to their optical,® electronic®'? and radiation-
protection'® properties. The biosynthesis of animal melanins is a
multistep oxidative polymerization process that is understood to rely
on templated pre-organization and enzymatic oxidative-
polymerization of specific amino acids.” ™ The chemical nature of the
amino acid substrates dictates the properties in these systems, with
tyrosine giving rise to the brown-black pigment eumelanin, while a
mixture of tyrosine and cysteine results in formation of the yellow-red
polymeric pigment pheomelanin. Both types of melanin play a role in
sun protection through broadband absorption in the ultra-violet (UV)
and visible spectra and they are weakly fluorescent.'®

Inspired by eumelanin/pheomelanin biosynthesis,” and taking
advantage of supramolecular peptide self-assembly'®'® to create
tunable supramolecular templates, it was previously demonstrated
that enzymatic oxidation of short peptides enables the formation of
polymeric pigments with structures and properties that are dictated by
the peptide sequence.?®?® We set out to test if firstly amino acids
(including cysteine) could be incorporated as observed in
pheomelanin to change the optical properties through formation of
new chromophores.

We first developed a method to produce melanin-like particles
with a defined micro-structure as a reactive scaffold for
subsequent oxidative incorporation of amino acids. (Figure 1a-b).
Based on the observation that lysines are featured in rapidly
polymerizing mussel adhesives' and interact with aromatic
residues through cation-n interactions,? we used the tripeptide
Lys-Tyr-Phe (KYF) - which is known to form nanofibrous gels®*-
as a supramolecular precursor. At physiological pH in aqueous
buffer, the peptide self-assembles into a translucent hydrogel
composed of a physically entangled network of nanofibrils (Figure
1c, Figure S1, Supporting Information).?* We then used
mushroom tyrosinase to oxidize the KYF gel [resulting in (KYF)ox],
upon which a red-brown color appears within minutes, which over
24 h matures into a suspension with a colloidal film forming at the
oxygen-rich air/liquid interface (Figure 1c, Figure S1a). Oxidation
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of the pre-assembled peptide is not expected to result in formation
of 5,6-dihydroxyindole intermediates as the tyrosine amine is
occupied in a peptide bond, but rather in formation of catechol and
quinone side chains that can further polymerize (Figure 1a). We
note therefore that while the formation process of these polymeric
peptide pigments is inspired by natural melanins, they are
themselves not strictly melanins, hence we refer to them as
melanin-like or melanin inspired. Transmission electron
microscopy (TEM) time course analysis shows that spherical
particles with a diameter of <10 nm start to form from the fibers
immediately after tyrosinase addition. The particles' diameter
increases over time up to ~2 um (Figure S1b). Optical and
scanning electron microscopy (SEM and TEM) analyses
confirmed the formation of microparticles following peptide
oxidation (Figure 1c, Figure S1d). Size distribution dynamic light
scattering (DLS) analysis after 24 h of oxidation shows three
populations of particles with a diameter of ~150 nm, 1 um, and 5
um (Fig. S1c), where the last peak might represent accumulation
of 1-3 particles as observed by optical microscopy and bright field
confocal microscopy (Figure 1c, Figure S1d). Microscopy
analysis of (KYF)ox microparticles resuspended in 50% methanol
confirmed that they are polymeric structures rather than physical
aggregates of (KYF)ox oligomers (Figure S1d-e). We note that the
particles are stabilized by a combination of covalent and non-
covalent interactions and the full characterization of the
oligomeric composition is beyond the scope of the current paper.
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Figure 1. Spontaneous formation of new polymeric peptide chromophores. a. Leff panel: chemical structures of
multifunctional self-assembling peptide (KYF) and amino acid building blocks. Right panel: chemical structures and schematic
representation of the tyrosine side chain following enzymatic oxidative-polymerization and addition of amino acids. Reactive
groups are indicated: OH/O=red, NHz=blue, SH=yellow. b. Schematics of the reported system: KYF self-assembles into
nanofibers that pre-organize tyrosine residues for enzymatic oxidative-polymerization. 3 hours of enzymatic oxidation is either
followed by the addition of Cys, Phe, or lle resulting in further oxidation and the emergence of new polymeric peptide
chromophores, or continued without amino acid addition resulting in the formation of polymeric microparticles. c. Top: TEM
micrograph of KYF gel fibers (left) and SEM micrograph (using FIB) of (KYF)ox microparticle (right). Bottom: macroscopic (left)
and optical microscopy (right) images of (KYF)ox material and microparticles. d. Macroscopic images of reaction mixtures (top)
and supernatants (bottom) following addition of amino acids and maturation clearly showing the emergence of colored species.

To test whether new chromophores could be formed by the
reaction of amino acids with the oxidized tyrosine, we first studied
the addition of cysteine (Cys), as a known precursor for
pheomelanin,?>?7 and then aromatic phenylalanine (Phe), basic
histidine (His) and aliphatic alanine, valine, leucine, and
isoleucine (Ala, Val, Leu, and lle), which are, to our knowledge,
not known precursors for biological melanins. Due to their variable
hydrophobic side chain groups they might change the polarity of
the particles and thus change their optical properties. Each amino
acid was added to the (KYF)ox reaction mixture 3 hours after
initiation in order to allow oxidative priming and oligomerization
and to increase particles' abundance in the mixture, as observed
by confocal microscopy. Cys addition after 3 hours resulted in an
immediate color change of the reaction mixture from red-brown to
yellow. By contrast, addition of His and Phe resulted in readily
observable color change to red and intense red, respectively, and
addition of either of the aliphatic amino acids (Ala, Val, Leu or lle)
resulted in a brown/green color (Fig. S2). These results suggested
the in situ formation of new chromophores (Figure 1d, Figure
S2a). Next, we focused on the chromophoric materials formed by
addition of Cys, Phe and lle, as these amino acids present
distinctive side chain groups and the resulting materials showed

the most profound coloration _?.rﬁi uni V-Vis absorbance.
is"arti
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After 24 hours of reaction, we performed optical analysis of both
the isolated solid microparticles, as well as the remaining solution
(supernatant) phase (Figure 1d shows that comparable coloration
is clearly observable in both phases). We investigated the
fluorescent properties of the chromophoric materials in the
reaction mixtures and supernatants (Figure 2a-b). 2D excitation-
emission spectroscopy of the (KYF)ox reaction mixture reveals a
Aex of 449 nm and intense Aem at 533 nm (Figure 2a). The
chromophores formed by the co-oxidation of KYF/Cys, Phe and
lle give rise to emission spectra that are clearly different from that
of (KYF)ox, both for the reaction mixture and supernatant.
(KYF/Cys)ox has a broader and blue shifted excitation, which
correlates with the yellow coloration while a 40 nm redshifted Aem
is observed for (KYF/Phe)ox, and far-red fluorescence for
(KYF/lle)ox (Aex=600 nm, Aem=621 nm). Notably for Phe, significant
narrowing of the excitation band compared to (KYF/Cys)ox and an
increase in emission intensity are observed (Figure 2a). The
fluorescence of the supernatants showed a similar trend (Figure
2b). UV-Vis spectra of the supernatants of (KYF)ox and
(KYF/Cys)ox show broadband UV/vis absorbance (Figure 2d),
similar to melanins.'® In contrast, (KYF/Phe)ox has an additional
distinctive and intense absorbance at 501 nm, which correlates

ticle I1s protected by copyright. All rights reserved.
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Figure 2. Optical analysis of polymeric peptide chromophoric materials. a-b. 2D excitation (y-axis)-emission (x-axis) spectra
of the reaction mixtures (a) or supernatants (b) of (KYF)ox, (KYF/Cys)ox, (KYF/Phe)ox, (KYF/lle)ox. Maximal intensity indicated in red.
c. Confocal microcopy images of particles formed by addition of amino acids showing merged fluorescence at excitation
wavelengths: 514 nm, 561 nm, and 633 nm. Scale bar=2um. d. UV-Vis spectra of the polymeric peptide chromophores supernatants
diluted 4-fold e. Fluorescence intensity of microparticles following addition of increasing concentrations of Phe. Values represent
average of 10 particles, error bars are indicated. f. Confocal microscopy images of microparticles formed with or without Phe addition.

Excitation wavelength is 561 nm, Scale bar=2 pm.

with the red coloration, while (KYF/lle)ox and all the other

chromophoric materials formed by addition of aliphatic amino
acids have an additional lower intensity absorbance at 620 nm,
correlating to the observed brown/green color (Figure 2d, Figure
S2b).

Next, we studied the optical properties of microparticles using
high-resolution confocal microscopy and show that they can be
tuned across the green (Cys/Phe), yellow-red (Phe) and far-red

(lle) regions of the spectrum (Figure 2c). Note that, unlike Phe or

lle inclusion by the microparticles, addition of Cys results in a
mixture of crystalline polyhedral structures (Figure S3-S4), which
may be related to the high reactivity of the thiol which results in
extensive polymerization and loss of spherical shape. Therefore,
we sought to provide a competing precursor by supplying Cys in
combination with Phe or lle. We found that a 2-fold molar excess

of Phe and lle over Cys could be used with partial retention of

particle morphology and in situ incorporation to form new

chromophores in mixed morpjr.ﬂ?gy&fﬁgig?dsr%ﬁtor ét&es
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microparticles (Figure S4) with green fluorescence observed for
both (Figure 2c, Figures S5-S6). These results show that the side
chain of the added amino acid dictates the fluorescence
properties of the particles and that multiple amino acid precursors
can be incorporated simultaneously.

We subsequently monitored the incorporation of increasing
concentrations of Phe into individual microparticles to assess
whether the level of incorporation could be regulated. A dose-
dependent increase in the particles’ emission intensity was
observed following Phe addition (Figure 2e) while a static, and
overall weak signal was observed in the absence of Phe (Figure
2f). These findings demonstrate that the microparticles reactively

&Sy copyright. All rights reserved.
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Figure 3. Characterization of peptide chromophores. a. Structures of major compounds identified following the chemical
transformation of KYF upon oxidation, maturation and inclusion of Phe. A macroscopic image of (KYF/Phe)chom solution is
presented. b. Partial LCMS traces of reaction supernatants with assignment of identified major species. c. Partial 1H NMR spectra
(800 MHz, 298K, 5% D20 in 10 mM Tris buffer) of KYF (top) and (KYF/Phe)chom (bottom). Dashed lines connect resonances
indicative of the chemical transformation of the tyrosine ring and the emergence of the new chromophore. For full proton
assignments see Supplementary Information NMR section. d. UV-Vis absorbance spectra of (KYF/Phe)com at varying
concentrations. e. Absorbance and emission spectra of (KYF/Phe)chrom sShowing Aabs=500 nm and Aemission=530 nm.

incorporate the Phe residues to form new chromophores in a
quantitative manner and suggest that the particles may serve as
cumulative sensors to quantify metabolites (exemplified by Phe)
by irreversible incorporation and consequent signal generation.

A general model of eumelanin structures that is commonly
suggested is a heterogeneous aggregate of stacked oligomers of
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic-
acid (DHICA),%-3 which may include porphyrin-like tetramers.®"
32 Yet, the chemical structure of the oligomeric units and the
nature of their interactions have not been fully determined, with
evidence of the polymeric nature of polydopamine materials only
reported recently.®® We reasoned that analyzing the supernatant
from reaction mixtures would help shed light on the chemical
composition of the in situ produced chromophores. Liquid
chromatography—mass spectrometry (LCMS) analysis of the
(KYF/Cys)ox supernatant revealed the presence of species
indicating that Cys is incorporated to the oxidized tripeptide via a
similar mechanism to that proposed for pheomelanin synthesis®*
(Figures S7-S11). LCMS analysis of the Phe reaction supernatant
showed that the absorbance maxima at around 500 nm primarily
results from one set of closely related compounds. To elucidate
the chemical structure, the most abundant peptide chromophore
identified by LCMS of the (KYF/Phe)ox supernatant was purified
using preparative HPLC (termed (KYF/Phe)chrom) after 24 h of
oxidation, and eluted as two major peaks with an identical mass.
The chromophore was freeze-dried and re-dissolved for the NMR
and spectroscopy analyses. '*C and N labelled (KYF/Phe)chrom

LCMS and NMR studies were used to determine the structure of
(KYF/Phe)chrom (Figure 3a-c, Figures S7-S27, NMR data Figures
S29-S41). The NMR studies clearly show the loss of aromaticity
in the tyrosine ring and the presence of a newly formed pyrrole
ring fused to the 6-membered ring (Figures 3a, c). The isotope
labelling studies indicate that the pyrrole ring comes from the
incorporated Phe. This would presumably happen through the
reaction of Phe amine and oxidized KYF quinone intermediate via
a Strecker degradation-type sequence of events. The chemical
formula determined by MS suggests that two residues of Phe
have been incorporated, and this was also seen by NMR. One
residue is incorporated as the fused 3-phenylpyrrole ring, while
the other residue seems to have undergone a deamination
process (supported by MS analysis of >N labelled Phe reaction,
Figure S20). NMR analysis suggests it has been incorporated as
a phenylpropionic acid (Figure S29). However, it shows no
correlation either with the KYF backbone, the side chains or newly
formed ring system. This has led us to conclude the suggestive
structure shown in Figure 3a. By contrast, The chromophore
responsible for the 620 nm absorbance in (KYF/lle)ox was not
sufficiently abundant to be detected by LC-DAD of the
supernatant and enable structural characterization.

Next, we analyzed the absorbance and fluorescence of the
purified (KYF/Phe)chrom. The chromophore has three Amax at 275
nm, 335 nm, and 499 nm, with Aex of 464 nm and Aem of 533 nm
(Figure 3d-e). The absorbance Amax of (KYF/Phe)chrom was found
to be similar to that of the (KYF/Phe)ox supernatant although its
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reaction mixture. In contrast, the fluorescence of natural melanin
was found to be aggregation dependent®. The relative quantum
yield of (KYF/Phe)chrom, Obtained using a pyrromethene 546
standard (see Methods), was found to be 2-4%. This value is
slightly higher than that of known water-soluble chromophores
that are used for staining biological samples including Congo red
(9=1.1%)% and much higher than the reported quantum yield of
biological melanins ($=0.3%).57-41

We show that a combination of pre-organization through self-
assembly and controlled oxidative incorporation of amino acids
with variable side chain functionality can give rise to polymeric
chromophores which can be directed to specified optical
properties by simply varying their nature and incorporate them
into the mixture. Reactions of multifunctional building blocks
typically give rise to poorly controlled mixtures, yet this work
demonstrates that convergence to specific new chromophores is
achievable through selection of  building blocks,
compartmentalization, and supramolecular preorganization. The
directed reactive incorporation of functionality in complex reaction
mixtures provides a new paradigm for materials synthesis that
may shed light on the emergence of chemical chromophores from
simple building blocks in early living systems.*?> More specifically,
this approach holds promise for the scalable synthesis of melanin
materials with photonic properties that are tightly controlled, and
go beyond those available in natural melanins, for applications in
surface coatings, photoacoustic imaging and biophotonics,*
biosensing,® and cosmetics.
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Inspired by melanin diversity and biosynthesis, a method to produce melanin-like microparticles as a reactive scaffold for subsequent
oxidative incorporation of amino acids was developed. The spontaneous formation of distinct new chromophores with optical properties
that are far beyond the range of those found in biological melanins, in terms of color, UV absorbance and fluorescent emission is
demonstrated.
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