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The physicochemical properties of eumelanin, the dark melanin pigment found in most organisms,
depend sensitively on the size and morphology of the particles that make up this naturally occurring
nanomaterial. Past strategies for controlling nanostructure have focused on modulating the rate of the
oxidation reactions that yield melanin from precursor compounds, making it difficult to decouple oxi-
dative polymerization from self-assembly. Here, we introduce a post-synthetic approach that uses an
organic antisolvent to isolate nanoscale assembly, aggregating ultrasmall, disc-like melanin particles that
are 2—-6 nm in diameter and contain only a few stacked layers of planar, sheet-like polycyclic molecules
into size-controlled spherical supraparticles with diameters that can be tuned from 30 to 100 nm.
Following dialysis to remove the organic solvent, the supraparticles are stable to heating and sonication
and their size remains constant in water for at least two weeks. The excellent stability of the supraparticles
is attributed to self-crosslinking reactions that form covalent bonds between the aggregated subunits.
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The bonds form slowly over hours by spontaneous reactions that can be accelerated by UV irradiation.
The nanoprecipitation approach to creating melanin supraparticles offers a straightforward means to
manipulate the hierarchical structure of melanin with the precision needed to enable investigations that
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Introduction

Melanin is a family of ubiquitous biological pigments found
across all kingdoms of life, including bacteria, fungi, plants,
and animals. Melanins are biosynthesized by the oxidative
polymerization of small aromatic molecule precursors with
minimal intervention by enzymes.! Melanins serve multiple
essential biological functions, such as UV protection, free
radical scavenging, metal ion chelation, and redox buffering.>
Beyond these natural roles, eumelanin, the brown-black
melanin, and its synthetic analogues have garnered growing
interest for their potential in bioelectronics, solar energy har-
vesting and storage, and a range of biomedical applications.’*
Unfortunately, the complex and spontaneous reactions that
lead to melanin pigments are poorly understood, and the ato-
mistic structures present in the final pigments are obscure
despite a century of study.

In nature, melanin exhibits a rich variety of nano- and
mesoscale structures that are critical to its diverse functions.
In fungi, melanin is found as granules embedded in the cell
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can uncover melanin’s emergent properties through structure—function studies.

wall, whereas in animals, it is predominantly confined within
melanosomes—membrane-bound organelles whose shape and
internal structure can vary widely (e.g., spherical, rod-like,
elongated, hollow, or flattened).> These hierarchical architec-
tures are thought to emerge from the progressive assembly of
eumelanin starting from small oligomeric units, which ulti-
mately aggregate into nano- or micrometer-scale particles. A
well-known example of nanostructure-function correlation is
found in bird feathers, where the morphology and spatial
arrangement of melanin nanostructures produce vivid struc-
tural coloration (iridescence).”” An example in humans is the
altered self-assembly behavior of eumelanin in melanoma
cells, which suggests that changes in nanostructure may be
associated with disease progression.®

Given the evidence that melanin’s desirable properties (i.e.,
optical absorption,”*° fluorescence,'®"" free radical generation
and scavenging behaviors™'?) are strongly influenced by its
degree of aggregation and nanostructure, there is great interest
in controlling these characteristics in so-called synthetic mela-
nins made in the laboratory. However, the ability to do so is
currently rudimentary and does not approach nature’s exqui-
site level of control. Synthetic parameters such as the choice of
precursor,'® precursor concentration,">"” temperature,'*"

oxidant type and concentration,'**® photoirradiation,"” and
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the presence of agents that scavenge or generate radicals'®
have all been shown to influence particle size and morphology
when synthetic eumelanin nanoparticles are made from pre-
cursors like dopamine and r-dihydroxyphenylalanine
(-DOPA), yielding dopamine melanin (also known as polydo-
pamine, PDA) and DOPA melanin (DOPAm), respectively.
However, in these approaches the covalent bond forming reac-
tions that join precursor molecules into larger covalent struc-
tures occur concurrently with self-assembly (Fig. 1a), prevent-
ing the separate control of each.

Given the richness of the hierarchical structures found in
natural melanins, we hypothesize that precursor polymeriz-
ation and subunit aggregation may not be as temporally
entangled during biosynthesis as when synthetic melanins are
made in the lab. To test this concept, we focus in this study on
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achieving control over the aggregation of pre-synthesized syn-
thetic melanin subunits (Fig. 1b). The concept that nano-
particles can be built from smaller nanoparticles has been
used extensively to fabricate crystalline supraparticles and
superlattices from inorganic particles using techniques such
as solvent evaporation,'®*° emulsion-templated assembly,**
and electrostatic coassembly.>*** Supraparticles are hierarchi-
cal structures made through the ordered assembly of smaller
particles. Recently, supra-carbon dots, which are self-
assembled structures of carbon dots, have attracted attention
for their tunable optical properties, enhanced photocatalytic
activity, and potential in biomedical applications.>* In the case
of melanin, supraparticles tens of micrometers in diameter
have been assembled from synthetic melanin nanoparticles
encapsulated in a silica shell using a reverse emulsion method
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Fig. 1

(a) Previous approaches to control melanin nanostructure using different monomeric precursors and solvents under various reaction con-

ditions. Different colored spheres represent the diversity of intermediate structures and redox states, with nanostructure formation occurring by
concurrent polymerization and self-assembly. Covalent bonds are shown as blue lines, and non-covalent interactions as gray dashed lines. (b)
Mimicking hierarchical assembly using nanoprecipitation. The schematic illustrates the aggregation of protoparticles of DOPAm into supraparticles
of controlled size. Parameters influencing supraparticle size are shown in orange text, while factors affecting particle stability after the removal of
acetonitrile are shown in blue. Covalent crosslinks that increase the stability of the final supraparticles are denoted by blue shading. The resulting
supraparticles are denoted SupraMelX, where X is the concentration in mg mL™" of the protoparticle dispersion used for nanoprecipitation. The
suffix-A in SupraMelX-A indicates an acetonitrile-rich solvent.
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to generate structural colors.”>*® This work demonstrates
excellent control of optical properties arising from the spatial
arrangement of melanin nanoparticles on micrometer length
scales, but control over the intrinsic nanoscale hierarchical
structures present within melanin nanoparticles is highly
desirable.

Here, we show that the classic synthesis of DOPAm yields
ultrasmall (few nm), disc-shaped protoparticles that can be
assembled via nanoprecipitation into spherical and mono-
disperse supraparticles 30-100 nm in diameter with excellent
size control (Fig. 1b). Nanoprecipitation, a common method
for fabricating nanoparticles from polymers, proteins, or small
molecules, involves introducing a miscible antisolvent to
induce controlled aggregation.”” The nascent supraparticles
are stable to removal of the antisolvent through dialysis. We
show that stability correlates with factors that promote free
radicals in the particles, suggesting that the aggregated par-
ticles are stabilized by radical-driven self-crosslinking reac-
tions. Nanoprecipitation offers a robust method to systemati-
cally and reproducibly control melanin nanostructures using
the same interactions thought to give rise to the various levels
of hierarchical structure in natural melanins.

By pinpointing several factors that influence nanoprecipita-
tion-driven assembly, we achieve nanostructuring in the
melanin supraparticles on similar length scales (30-100 nm)
as in natural melanin pigments.”®** This suggests that self-
assembly events taking place during nanoprecipitation may
mimic ones that occur during biosynthesis. The ability to con-
trollably achieve sizes similar to ones found in natural
melanin particles demonstrates the suitability of melanin
supraparticles for various applications, including biomedical

applications,®*> as well as functional films with
antioxidant,>*>® mechanical,***%3° Uv-protecting,>**=° and
40-42

conducting properties.

Materials and methods
DOPA melanin synthesis

Our synthesis closely follows the classic procedure used to
prepare DOPAm in which O,(g) in air is used to autoxidatively
polymerize 1-DOPA in alkaline aqueous solution.*>*® 1 g of
L-DOPA (Sigma Aldrich, >98%) was added to 200 mL of ultra-
pure water in a round bottom flask. The pH of the solution
was adjusted to 9.5 by adding 1 mL of ammonium hydroxide
(Sigma Aldrich, 28-30 wt%) under stirring. Air was continu-
ously bubbled through the reaction mixture, which was stirred
continuously for 3 days. The pH was then lowered to 2 by
adding a small quantity of 1 M HCI, causing immediate floccu-
lation. The DOPAm was isolated by centrifugation at 10 000g
for 10 min, and the resulting pellet was washed twice by
adding 5 mL of ultrapure water, followed by centrifugation,
and removal of the supernatant. Finally, the pellet was dried
under flowing N,(g) for 18 hours, yielding 340 mg of DOPAm
(mass yield of 34%).

This journal is © The Royal Society of Chemistry 2026
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DOPAm supraparticle size control

A 5 mg mL™" stock solution of DOPAm in ultrapure water was
prepared by adjusting the pH to 8 using 1 M NaOH and stir-
ring for 2 h to aid dispersal of the DOPAm powder. The pH of
the dispersion after 2 h was approximately 5. After adjusting
the pH to 7 by adding a minute volume of 1 M NaOH, the
stock solution was diluted with water to prepare 0.5, 1, 2, 3, 4,
and 5 mg mL~" dispersions (see Scheme S2). Supraparticles of
varying sizes were obtained by adding 4 mL acetonitrile to
1 mL each aqueous dispersion of DOPAm, yielding stable dis-
persions in 80% v/v acetonitrile with 20% of the original mass
concentration. DOPAm supraparticles thus formed remain dis-
persed in the 4:1 acetonitrile : water mixture, which was used
for further characterization and isolation. Unless specified for
aging studies, both DLS measurements and AFM sample
preparation were performed within 1 h of preparing the
supraparticles.

Transferring the supraparticles to water

To obtain aqueous dispersions of the supraparticles, a 1 mL
aliquot was withdrawn from each SupraMel-A sample in
acetonitrile : water and dialyzed against 1 L ultrapure water
using a regenerated cellulose dialysis membrane with a
6-8 kDa molecular weight cutoff (MWCO) (Spectra/Por™,
132660T, Repligen) for 24 h (Scheme S3). The solvent moves
freely through the dialysis membrane pores, but even the smal-
lest supraparticles are retained in the membrane, so the mass
concentration does not change significantly with dialysis. To
evaluate pH-dependent stability, a 2 mg mL™" dispersion of
DOPAm was adjusted to pH 5, 7, 8, and 10 using 1 M NaOH
before adding acetonitrile (Scheme S3a). The resulting
acetonitrile : water dispersions were aged for up to 2 days, with
aliquots collected and dialyzed every 24 hours. To test the
effect of photoirradiation, 1 mL of the SupraMel2 dispersion
in acetonitrile : water was irradiated with 372 nm LED for
1.5 h, prior to dialysis. To test stability of the dialyzed supra-
particles, the dispersions were aged for a week at room temp-
erature in the dark, sonicated in an ultrasonic bath for up to
10 min, and refluxed for 24 h at 80 °C.

DLS measurements

DLS measurements were performed using a Malvern
Panalytical Zetasizer Pro instrument equipped with a He-Ne
laser (633 nm) used at a fixed scattering angle of 173°. The as-
synthesized supraparticle samples (SupraMel0.5-5) in 4: 1 (v/v)
acetonitrile : water were diluted to a concentration of 0.1 mg
mL™" (0.4 absorbance at 633 nm) by adding 80% acetonitrile :
water (v/v). The viscosities and refractive indices of 80% v/v
acetonitrile dispersion were estimated using the Arrhenius
mixing rule and Arago-Biot model, respectively (see SI section
S1 for details). The aqueous supraparticle dispersions
obtained following dialysis were diluted with water to a con-
centration of 0.1 mg mL™'. Measurements were conducted
using 1 mL aliquots in a 1 cm path-length fused silica cuvette.
Data acquisition and analysis were carried out using Malvern
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Zetasizer Nano software. For each sample, three consecutive
measurements were performed with an acquisition time of 20
s. See SI section S3 for more details on DLS measurements
and data processing.

AFM measurements

AFM images were acquired using a Bruker Dimension Icon
AFM instrument operated in ScanAsyst™ mode, an off-reso-
nance tapping mode with automatic parameter adjustment.
1 pm x 1 pm images were obtained at 512 samples per line,
0.99 Hz scan rate, and a resolution of 512 x 512 pixels.
Measurements were done under ambient conditions using
ScanAsyst-Air tips (nominal radius 2 nm, 45-95 kHz, and
0.2-0.8 N m™") from Bruker. The samples were prepared by
dropping 50 pL of the dispersion of interest on freshly cleaved
mica followed by drying under nitrogen for 30 minutes.
Dispersions for AFM measurements were obtained by diluting
a volume of a freshly prepared stock solution to a concen-
tration of 30 pg mL™". Stock solutions of supraparticles in
acetonitrile : water were diluted using acetonitrile, while
aqueous dispersions of dialyzed supraparticles were diluted
using water. The 5, 10, and 30 pg mL™" dispersions of DOPAm
were prepared by diluting a pH 10 stock solution of 2 mg mL™
in water. The large volume of water added caused the pH to
drop to ~7. The acquired images were analyzed using
NanoScope Analysis 3.00 software (see SI section S4).

Results and discussion

In our approach, nanoprecipitation is used to controllably
aggregate melanin nanoparticles into spherical supraparticles
(Fig. 1b). The initial melanin nanoparticles were prepared
through the spontaneous oxidative polymerization of .-DOPA
in alkaline aqueous solution, followed by isolation and drying
to produce the powdered DOPA melanin (DOPAm) as
described in Materials and Methods. Although the synthetic
procedure for producing DOPAm has been widely used for
decades, there is still uncertainty about the structures present
in aqueous dispersions of DOPAm. For this reason, the next
section reports a thorough characterization using atomic force
microscopy (AFM) of the initial DOPAm nanoparticles, which
are the starting material for our nanoprecipitation experi-
ments. Later sections describe the nanoprecipitation protocol
for forming melanin supraparticles and summarize factors
that influence their final size and stability after the nascent
supraparticles are transferred to aqueous solvent by dialysis.

AFM and DLS analysis of DOPA melanin structures in aqueous
dispersions

AFM was used to characterize the morphologies of the DOPAm
particles after they are re-dispersed in water and before adding
the antisolvent used for nanoprecipitation. The dried DOPAm
powder is very difficult to re-disperse in water even after
extended stirring and sonication. However, by raising the pH
to 8 with 1 M NaOH and stirring for 2 h, a homogeneous stock
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dispersion with a DOPAm mass concentration of 5 mg mL ™"
was obtained. The pH of the stirred solution decreased to ~5
due to the release of acidic protons captured by the acid pre-
cipitation used to isolate the DOPAm powder (see Materials
and Methods). Next, the pH was raised to 10 by adding a drop
of 1 M NaOH. Alkaline pH produces supraparticles that can be
more easily transferred to water by dialysis as discussed below.
To achieve the very low particle concentrations needed for
AFM imaging, aliquots from the pH 10 stock dispersion were
diluted with ultrapure water to a final DOPAm concentration
of between 5-30 pg mL™" and drop cast onto mica. Dilution
caused the pH to drop to approximately 7.

The AFM images reveal particles and irregularly shaped
flakes that change dramatically in their lateral dimensions
with increasing DOPAm concentration (Fig. 2). At the lowest
DOPAm concentration of 5 pg mL™', very small particles
<20 nm in diameter are observed but larger more irregularly
shaped particles are also seen. For concentrations of 10 pg
mL ™" and 30 ug mL™", irregular islands or flakes are seen that
have longest dimensions of up to several hundred nm. Larger
and more branched particles are observed for the highest con-
centration (Fig. 2c). Despite the striking changes in lateral
dimensions, the structures in all three AFM images have
heights between 0.7 nm and 2 nm (Fig. 2), which are compar-
able to the heights seen in single- and few-layer graphene
oxide (GO) on mica.”"*° Height histograms for the AFM
images in Fig. 2 are nearly the same for all three concen-
trations after excluding the peak at zero height that is caused
by unevenness in the mica substrate (Fig. S1). The average
height is approximately 1.3 nm for all three images.

Because the average height is independent of the lateral
size and initial DOPAm concentration, we conclude that the
larger irregular structures form when the smallest particles
(protoparticles) seen in all three images aggregate laterally on
the mica, possibly driven by H-bonding between functional
groups on their edges. Similar edge-to-edge assembly was
observed in AFM images of synthetic tyrosine melanin de-
posited on Mg**-doped glass cover slips®® and melanin films
on an SiO, substrate.’ In the latter study, islands 1-2 nm tall
were observed on top of much thicker films. These islands,
which are similar in appearance to the structures in Fig. 2b
and ¢ were seen in films spin coated or drop cast from
dimethyl sulfoxide (DMSO) dispersions from various mela-
nins, including DOPAm.>" Our study supports these earlier
observations and draws attention to the great proclivity of
DOPAm for in-plane growth both on inorganic substrates as
well as on itself. The remarkable ability to form smooth con-
formal coatings has been noted previously for PDA melanin.>*

We chose the AFM image in Fig. 2a for additional analysis
of the lateral particle dimensions. A height threshold was used
to identify particles, which are colored cyan against a black
background in Fig. S1d. Next, the diameter of a circle having
the equivalent area of each contiguous group of cyan pixels
was calculated and a histogram of particle diameters was con-
structed (Fig. S2). The most probable diameter is ~12 nm but
particles with equivalent diameters as small as 5 nm and as

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Morphology of the DOPAm particles prior to nanoprecipitation. AFM images of DOPAm drop cast from (a) 5 pg mL™ (b) 10 ug mL™* and (c)
30 pg mL~* aqueous dispersions. Height profiles along the orange dashed lines (moving from left to right) are shown below each image. The height

profile along the red line in panel a is shown in Fig. 3d.

large as 50 nm are observed. The lateral size of the discs
agrees well with the features reported for tyrosine melanin
(6-30 nm) by Gallas et al. using AFM.>°

The larger structures in Fig. 2a are aggregates of the smal-
lest particles, which assemble in edge-to-edge fashion, poss-
ibly through hydrogen bonding interactions between func-
tional groups at their edges. We propose that these two-dimen-
sional aggregates form from the ultrasmall, dot-like particles
that are visible in each of the AFM images in Fig. 2 alongside
the larger structures. After correcting for convolution broaden-
ing due to the finite size of the AFM tip (see SI for details), we
estimate that the smallest particles in Fig. 2 have diameters of
between 2 and 6 nm.

The DOPAm stock dispersion and the dispersions used to
synthesize melanin supraparticles (see next section) have con-
centrations hundreds of times higher than the dilute samples
used in the AFM imaging experiments. To address the nature
of the structures present in the higher concentration disper-
sions, DLS measurements were performed. Low mean DLS
count rates of <10> s~ are observed for aqueous DOPAm dis-
persions with concentrations between 0.1 and 3.0 mg mL ™"
(Table S1). These count rates are 1-2 orders of magnitude
lower than the observed count rates for dispersions containing
spherical nanoparticles with Z-average sizes of between 30 and
90 nm (Table S2).

DLS measures the hydrodynamic diameter, which is the
size of a sphere that undergoes Brownian diffusion with the
same translational diffusion coefficient as the particle.
However, nanosheets with a longest dimension of >100 nm
diffuse much more slowly than
volume.>® Lotya et al.>® obtained an empirical equation relat-

spheres of equivalent

This journal is © The Royal Society of Chemistry 2026

ing hydrodynamic size measured by DLS to the length of
nanosheets of graphene, MoS, and WS, measured by TEM.
Using their relation, a nanosheet with a diameter of 10 nm
should diffuse like a spherical particle with a hydrodynamic
diameter of 54 nm. However, a particle of this size would
produce a DLS count rate at least 50 times higher than the
rates we observe for even the most concentrated DOPAm dis-
persions studied (compare Tables S1 and S2). This result and
the finding that the DLS count rates for DOPAm protoparticles
do not increase significantly with concentration and are only
marginally larger than rates observed for neat water (Table S1)
indicate that DOPAm aqueous dispersions with concentrations
as high as several mg mL™" do not contain aggregated struc-
tures like the ones seen in Fig. 2. Instead, these structures
must form during deposition as the solvent evaporates. The
particles form extended two-dimensional structures when de-
posited on mica, which maintain a constant height of 1.3 nm
independent of the concentration of the dispersion used for
deposition. The average height of 1.3 nm seen here agrees well
with heights observed for synthetic melanin particles de-
posited from methanol®® and DMSO.>! The fact that the same
height is seen in these diverse experiments suggests that the
few-layer stacks seen by AFM do not form at the time of depo-
sition but are already present in the polar solvent dispersions.
The combined AFM and DLS results provide evidence that
aqueous dispersions of DOPAm contain copious quantities of
small nanosheets a few nm in diameter and between 1.0 and
1.5 nm thick that resemble few-layer stacks of graphene or GO.
These dimensions agree very well with ones reported for syn-
thetic and natural melanins using complementary characteriz-
ation techniques.’®>*>® For instance, Littrell et al.’® reported

Nanoscale, 2026, 18, 3067-3080 | 3071
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pancake-like particles with an average diameter of 4.6 nm and
a thickness of 1.2 nm in aqueous dispersions of tyrosine
melanin using small-angle X-ray Scattering (SAXS). In another
study, Watt et al.’” identified 2-10 nm curved, plate-like struc-
tures in both DOPAm and natural sepia melanin, using high-
resolution transmission electron microscopy. Similarly, Strube
et al®® observed 6-10 nm DOPAm particles formed via
enzyme-mediated synthesis using scanning electron
microscopy (SEM). Given that our DOPAm particles can be
assembled into larger particles, as shown in the following sec-
tions, we adopt the excellent terminology of Strube and co-
workers®® and refer to them as protoparticles.

Not all DOPAm samples contain ultrasmall protoparticles.
The final size and morphology of melanin particles can differ
greatly, depending on synthesis and processing conditions,
even when prepared from the same precursor." For example,
much larger DOPAm particles (100 nm) have been synthesized
using KMnOj as the oxidant."® While it is difficult to disentan-
gle covalent bond formation from non-covalent aggregation,
studies on PDA melanin have shown that increasing the rate of
polymerization of the precursor results in smaller
particles.”*™*® The few-layer protoparticles observed here may
be due to our highly oxidizing synthesis conditions (pH 9.5,
bubbled air) that promote the rapid oligomerization of
-DOPA. Previously, Chen et al.'® reported <1 nm particles for
DOPAm synthesized at pH 10.7 compared to ~20 nm particles
when the synthesis was carried out under less oxidizing con-
ditions at pH 8.4.'°

In nature, eumelanin is synthesized through the enzymatic
oxidation of tyrosine by tyrosinase. The enzyme primarily par-
ticipates in the early steps, hydroxylating tyrosine to L-DOPA
and subsequently oxidizing -DOPA.>> Beyond these initial
reactions, the conversion into eumelanin proceeds largely
through spontaneous oxidation and polymerization, making
the overall pathway only partially enzyme-controlled.®® The
alkaline and oxidative conditions employed in our synthesis
play a comparable role by initiating spontaneous oxidative
polymerization of the 1-DOPA precursor.”* While natural
melanin forms within a protein-bound environment that can
template or constrain nanostructure formation, these scaffolds
are not present when synthetic melanins are prepared.
Nonetheless, previous studies have shown that hierarchical
ordering can still emerge in the absence of proteins—
suggesting that such organization is an intrinsic property of
melanin assembly.>”>%¢!

Synthesizing size-controlled melanin supraparticles by
nanoprecipitation

Inspired by the hierarchical organization observed in natural
melanin granules, we explored whether the protoparticles of
DOPAm can be assembled into higher-order architectures by
modulating interparticle interactions using an antisolvent.
Nanoprecipitation is typically used to form nanoparticles from
molecular or polymeric precursors and not to assemble pre-
existing nanoparticles into supraparticles. However, there are
examples where antisolvent addition has been used to assem-
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ble small particles present in disordered carbon-based
systems.®*®* Carbon dot suprastructures can be induced
through solvothermal treatment,®® the presence of particular
cations,”> or co-assembly with small molecules or
polymers.®®®” Sarkar et al.®> demonstrated antisolvent-driven
assembly by aggregating carbon dots functionalized with
amphiphilic surface groups in DMSO into various mor-
phologies using water as the antisolvent. Nanoprecipitation
has also been used to form nanoparticles from chemically
modified lignin in an organic solvent.®® Upon adding water,
hydrophobic interactions among the aromatic and chemically
modified functional groups of lignin drive nanoparticle
assembly.

The surface of melanin nanoparticles is rich in functional
groups such as hydroxyls, semiquinones, and carboxylic acids.
Their deprotonated forms contribute to colloidal stability by
generating surface charges. According to a hierarchical model,
smaller melanin subunits should contain the same functional
groups. Manipulating their charges should thus alter their
self-assembly into higher-order structures. Because deprotona-
tion is strongly inhibited in an organic solvent compared to
water, we hypothesized that adding an organic solvent to oligo-
meric melanin protoparticles can manipulate Coulombic inter-
actions between charged DOPAm protoparticles, causing their
aggregation into supraparticles.

This hypothesis was tested by adding acetonitrile to a 2 mg
mL™" (pH 10) aqueous dispersion of the protoparticles
(Scheme S1). After adding acetonitrile, DLS measurement of
the acetonitrile : water dispersion diluted to a concentration of
0.1 mg mL™" yielded a derived mean count rate of 1.46 x 10°
s~', a value 20x higher than the one recorded for an aqueous
dispersion of protoparticles with the same mass concentration
(Table S1). The higher count rate is consistent with the aggre-
gation of protoparticles into larger structures, which we refer
to as melanin supraparticles (SupraMel). As indicated in
Fig. 1b, we refer to melanin supraparticles dispersed in
acetonitrile : water mixed solvents as SupraMel-A, and we drop
the suffix-A for supraparticles that have been transferred to
water by dialysis (next section).

A uniform size distribution with Z-average size of 49 nm
was obtained from the DLS measurements (Fig. 3a). As a result
of the larger particle size, light scattering from a green laser
pointer beam directed through the SupraMel-A sample is
easily visible by eye, whereas minimal scattering is seen from a
DOPAm aqueous dispersion prior to nanoprecipitation (Fig. 3a
inset). The absence of light scattering from the DOPAm
sample is consistent with the presence of ultrasmall, well-dis-
persed protoparticles.

The SupraMel-A particles in the acetonitrile : water mixed
solvent were diluted to a concentration of 30 pug mL™" by
adding additional acetonitrile followed by drop casting onto a
freshly cleaved mica substrate for AFM characterization. The
AFM image (Fig. 3b) reveals uniform spherical particles with
an average size of 55 nm (Fig. S3) in excellent agreement with
the average size determined by DLS (49 nm). Height profiles
show that the supraparticles are spherical and vastly larger

This journal is © The Royal Society of Chemistry 2026
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2 mg mL™* DOPAm aqueous dispersion. Photographs in the inset compare the light scattering from a green laser pointer for the DOPAm protoparti-
cles in water with the supraparticles in 80% v/v acetonitrile : water. (b) AFM image of the supraparticles in 80% v/v acetonitrile : water revealing
uniform spherical particles. (c) Zoomed-in image of the region marked by the yellow dashed square in Fig. 3b, showing smaller clusters. (d) Height
profiles of a supraparticle, a cluster and a protoparticle taken along the purple and cyan lines in b, and the red line in Fig. 2a, respectively. (e)
Schematic representation of the proposed nanoprecipitation-driven hierarchical assembly.

than protoparticles (Fig. 3d). Considering that disc-shaped
protoparticles ~2 nm in diameter and 1.3 nm in height have a
volume of ~4 nm?, a spherical supraparticle with a diameter of
50 nm contains thousands of aggregated protoparticles.

The size and morphology of particles produced by nanopre-
cipitation have been tuned in previous studies by varying the
solvent composition,®®®® adding surfactants,”’**>’%”* and by
tuning the concentration of the precursor or mixing
conditions.”"”> We discovered that the size of the supraparti-
cles depends sensitively on the concentration of the protoparti-
cles in the aqueous dispersion prior to adding acetonitrile
(Scheme S2). The SupraMel-A particles can be tuned in size
from 30 nm to 100 nm by varying the concentration of proto-
particles in the pH 7 dispersion from 1-5 mg mL™" (Fig. 4).
Supraparticles formed from different initial DOPAm concen-
trations are referred to as SupraMel1-5, with the number indi-
cating the concentration in mg mL™" prior to adding aceto-
nitrile. The polydispersity index (PDI) for all SupraMel-A
samples is <0.15, indicating uniform particles (Table S2). The
AFM images of SupraMel1-A and 3-A (Fig. 4c and d) are con-
sistent with the DLS size distributions (Fig. 4f). The height dis-
tributions of the supraparticles are given in Fig. S4.

72,73

This journal is © The Royal Society of Chemistry 2026

When the DOPAm concentration is greater than 5 mg
mL™", adding acetonitrile causes flocculation of the DOPAm
protoparticles. Nanoprecipitating with a high precursor con-
centration favors diffusion-controlled aggregation.”* We
propose that supraparticles rapidly coalesce into macrostruc-
tures that flocculate when the initial concentration exceeds
5 mg mL™'. For an initial DOPAm concentration of 0.5 mg
mL™", the intensity-weighted DLS size distribution becomes
bimodal with 100-200 nm aggregates seen alongside smaller
ones <30 nm in size (Fig. S5).

Careful inspection of the AFM images of the SupraMel-A
samples in Fig. 3 and 4 reveals a second class of much smaller
particles. They appear faint due to their smaller heights, but
they are easily recognized with the rescaled colormap in Fig. 3¢
or by applying a height threshold to the AFM images (Fig. S3b
and S4b, d). For the SupraMel2-A sample In Fig. 3c, the
smaller particles measure 11 + 3 nm laterally on average and
have an average height of 7 + 2 nm. This suggests that the
smaller particles, which we refer to as clusters, contain 5-6
layers of stacked protoparticles. The clusters are intermediate
in size between proto- and supraparticles as shown by a com-
parison of the AFM height profiles of selected particles

Nanoscale, 2026, 18, 3067-3080 | 3073
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distribution of the particles in panels c and d.

(Fig. 3d). However, because they account for <1% by volume of
the total material detected in the AFM image, they do not con-
tribute significantly to the DLS measurements.

We propose that the clusters are intermediate states in the
hierarchical assembly of the supraparticles (Fig. 3e). Similar
10-30 nm substructures have been previously seen on
100-200 nm Sepia melanin particles.”> Similar size clusters
have also been observed to be intermediates that aggregate to
form 200-400 nm sized DOPAm particles by Biingeler et al.®*
The absence of 1-2 nm sized protoparticles in the AFM images
of the supraparticles suggests that all protoparticles are aggre-
gated into clusters upon adding acetonitrile. Understanding
the growth kinetics lies outside the scope of this study, but
these preliminary findings suggest that supraparticles grow by
aggregation of the intermediate clusters. The increase in size
of SupraMel-A particles over the course of 72 h is shown in
Fig. S6. Taken together, these observations indicate that eume-
lanin self-assembly proceeds through multiple steps involving
persistent intermediate structures whose morphologies are
consistent with those seen in natural, hierarchically structured
eumelanin.>””> While the present data do not resolve whether
the intermediate structures are preserved within the final
supraparticles or undergo reorganization during assembly,

3074 | Nanoscale, 2026, 18, 3067-3080

they underscore eumelanin’s intrinsic propensity to assemble
across multiple length scales.

Recently, Mavridi-Printezi et al.'" reported the formation of
two distinct populations during the synthesis of melanin
nanoparticles from dopamine: larger nanoparticles with
~100 nm hydrodynamic radii and molecular mass of 10° kDa
and a fraction with an average hydrodynamic radius of 2.7 nm
and 100 kDa molecular mass that the authors termed the
polymer-like fraction. These dual structures are reminiscent of
the supraparticles and clusters that we observe here. While
Mavridi-Printezi et al. did not explicitly investigate whether the
smaller polymer-like units are precursors to the nanoparticles,
our results suggest that such a hierarchical assembly pathway,
progressing from protoparticles to clusters to supraparticles is
plausible, supporting the idea that the structural subunits of
melanin are interconvertible and dynamic.

Stability of the supraparticles in water

Nanostructures formed by antisolvent addition often disaggre-
gate when the antisolvent is removed, especially when the
aggregates are held together solely by non-covalent inter-
actions. For example, protein nanoparticles synthesized by
the addition of alcohol are unstable and redissolve when the

This journal is © The Royal Society of Chemistry 2026
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fraction of water is increased.”®”” Crosslinking agents such as
glutaraldehyde, which forms covalent bonds between amine
groups, are often used to stabilize protein nanoparticles in
aqueous conditions.”®”® Chitosan nanoparticles fabricated
through nanoprecipitation are another example, where using a
crosslinkers like glutaraldehyde or genipin, a natural cross-
linking agent, is necessary for particle stability.*>*" We there-
fore explored whether the supraparticles remain intact upon
removal of acetonitrile.

To remove acetonitrile, SupraMel-A dispersions in 4:1
acetonitrile : water were dialyzed against water using a
6-8 kDa membrane for 24 h (Scheme S3). If dialysis is
started too soon after adding acetonitrile to the pH 7 proto-
particle dispersion, it is not possible to obtain stable supra-
particles in water after dialysis. On the other hand, allowing
the supraparticles in 4:1 acetonitrile : water solvent to stand
or cure for a sufficient time prior to dialysis makes it poss-
ible to stably transfer the supraparticles to water. We define
the curing time as the elapsed time between the addition of
acetonitrile and the start of dialysis. A curing time of 48 h
was sufficient to allow SupraMel2-A supraparticles to be suc-
cessfully transferred to aqueous solvent (Fig. S6). With
increased curing time, the SupraMel-A particles increase in
size as seen by the open circles in Fig. S6. The SupraMel-A
particles gradually increase in size with curing time possibly
by exchanging or adding clusters.

We propose that stable supraparticles dispersions are
obtained in water only when enough crosslinks can form
between the constituent protoparticles and clusters. The proto-
particles exist as few-layered structures in aqueous dispersions
prior to the addition of acetonitrile. Nanoprecipitation with
acetonitrile is proposed to bring these structures near enough
to one another to form the covalent bonds needed to prevent
them from disaggregating into protoparticles again.

The formation of covalent and covalent-like bonds in supra-
particles requires the subunits to adopt geometries conducive
to bonding. Slow structural rearrangements within the supra-
particle may explain why curing times of >48 h are required to
successfully transfer the SupraMel particles to water. If the
curing time is too short, the autocorrelation function obtained
from DLS measurements of the post-dialysis dispersion exhi-
bits elevated intensity at the longer time points and a high PDI
(Fig. S7), which is characteristic of a heterogeneous, broad size
distribution possibly accompanied by large aggregates that
undergo slow sedimentation during the measurement.®* This
behavior is diagnostic of supraparticle assemblies that are not
stable in the absence of acetonitrile. We note that although
the mean scattered DLS count rates measured for post-dialysis
dispersions of unstable particles are initially comparable to
ones measured for stable supraparticles (around 10® keps),
after 48 h in water post-dialysis, the count rates drop to
approximately 100 keps, approaching the rates observed for
the DOPAm protoparticles (Table S1). This suggests that supra-
particles that do not cure adequately gradually disassemble
back into protoparticles because they lack sufficient
crosslinking.

This journal is © The Royal Society of Chemistry 2026
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We propose that DOPAm supraparticles are stabilized by
self-crosslinking reactions that depend on the availability of
stable radicals in the protoparticles and clusters. One of the
most distinctive properties of melanin is its stable population
of free radicals, which are thought to underlie its antioxidant
ability and have been harnessed to drive chemical reactions.
For example, free radicals on the surface of PDA have been
used to initiate free radical polymerization of polymers.*

To test our hypothesis, we used two methods known to
increase radicals in melanin. In the first method, the pH of
the DOPAm protoparticle dispersion in water was raised before
adding acetonitrile (Scheme S3a). EPR studies have shown that
the free radical population in synthetic melanin increases as
the pH is increased.®® Consistent with the need to have ade-
quate radicals, dispersions of SupraMel2 prepared at higher
initial pH required shorter curing times than those formed at
lower pH (Fig. 5a). SupraMel2 prepared at pH 10 are stable
immediately upon transfer to water, while those formed at pH
8 require 24 h of curing. Particles prepared at pH 7 stabilize
after 48 h, and those at pH 5 fail to form stable dispersions in
water even after 72 h.

Intensity-weighted size distributions of SupraMel2 prepared
at pH 10 before and after dialysis without any curing are com-
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Fig. 5 Factors affecting supraparticle stability. (a) Supraparticle size dis-
tribution as a function of the initial pH (5, 7, 8, and 10) of a 2 mg mL™t
protoparticle dispersion. Dotted bars show the average particle size for
SupraMel2-A in 80% acetonitrile : water before dialysis. Solid bars indi-
cate the average size of the SupraMel2 supraparticles in water after
dialysis. (b) DLS intensity-based size distributions for SupraMel2 pre-
pared from an initial pH of 5. The pale dashed line shows the SupraMel-
A sample before any irradiation or dialysis in 80% acetonitrile : water.
The darker dashed line shows the same sample after 2 h of UV
irradiation, as indicated by (+UV). The solid line shows the size distri-
bution after dialysis of the photoirradiated sample, revealing stable
supraparticle after photoirradiation.
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(b) AFM image of the dialyzed supraparticles deposited on mica, confi-
rming the stability of the supraparticles in the absence of acetonitrile.

pared in Fig. 6a. An AFM image of the dialyzed supraparticles
shows uniform spherical particles (Fig. 6b), similar to those
observed pre-dialysis (Fig. 3a). The clusters present in the
acetonitrile-rich samples (Fig. 3c and 4c, d) are not seen in the
AFM images of dialyzed supraparticles (Fig. 6b), probably
because they pass through the pores of the dialysis membrane.
Notably, the particles formed at pH 10 remain stable in water
for at least one week (Fig. S8). We further tested the stability of
the supraparticles in water against heating and sonication by
refluxing an aqueous dispersion at 80 °C for 24 h and sonicat-
ing for up to 10 minutes, respectively. DLS measurements
show that the particles are resistant to heating and sonication
(Fig. S8).

In a second test for the involvement of radicals in cross-
linking, SupraMel2-A particles prepared from an initial pH 5
protoparticle dispersion were irradiated in 4:1 acetonitrile:
water using a 372 nm LED lamp for 1.5 hours immediately
prior to dialysis (Scheme S3b). Photoirradiation is known to
increase the concentration of radicals detected by EPR in syn-
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thetic and natural melanin.®>*® Upon dialysis, the irradiated
supraparticles remained stable and uniform in water (Fig. 5b),
whereas the non-irradiated sample was unstable even after
curing for 48 h, according to correlograms obtained from DLS
measurements (Fig. S9). The irradiated sample post dialysis
shows a Z-average size of 34 nm, while a slightly smaller value
of 39 nm was measured in 4 : 1 acetonitrile : water before dialy-
sis (Fig. 5b).

The above results argue that melanin’s stable radicals con-
tribute to interlayer bonding, and they mirror findings on
other disordered carbon materials. For example, Huang et al.
showed that GO sheets can self-crosslink as they are de-
hydrated through the formation of inter-sheet ester bonds
through condensation reaction between surface carboxylic and
OH groups.”” In melanin, Cheun suggested that functional
groups attached to the aromatic rings of eumelanin could
form covalent bonds between adjacent layers.®®

The nature of the bonds that crosslink the supraparticles
cannot be assessed at present. Meng and Kaxiras®® suggested
on the basis of DFT calculations that interlayer covalent bonds
can form between specific pairs of carbon atoms in small
eumelanin oligomers. However, so-called pancake bonding
offers an intriguing alternative explanation to the c-bonding
described in ref. 89. Pancake bonding is a covalent-like inter-
action that leads to multi-center n-bonding between planar
moieties with delocalized = radicals.”® Pancake bonding has
been proposed to bond the planar cyclic aromatic hydro-
carbons that occur in asphaltenes,”® and it has recently been
discussed for eumelanin.’*> Pancake bonding may be a ubiqui-
tous means of forming insoluble, crosslinked structures in
melanin and other carbon-rich nanomaterials.

Conclusions

The hierarchical construction of melanin pigments across
nano- and mesoscale dimensions is critical to the multiple
functions they provide to natural organisms. The resulting
structures shape the redox behavior, radical scavenging
capacity, and photophysical properties. However, the spon-
taneous nature of melanin polymerization leads to consider-
able structural heterogeneity, obscuring the role of aggregation
in establishing these properties. In this study, we applied
nanoprecipitation to ~2 nm DOPAm nanosheets or protoparti-
cles to direct the self-assembly of melanin supraparticles
(30-100 nm) using an antisolvent. Our approach revealed an
intermediate structural motif of 5-6 stacked protoparticles that
aggregate into supraparticles by way of small clusters, closely
mimicking the hierarchical organization observed in natural
melanin. By varying the concentration of the protoparticles, we
demonstrated control over the average size of the supraparti-
cles. The resulting supraparticles are stable to antisolvent
removal, particularly under conditions that promote free
radical formation. These observations suggest that radical-
mediated covalent bonding or covalent-like interactions, such

This journal is © The Royal Society of Chemistry 2026
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as pancake bonding, contribute to structural stabilization in
the synthetic melanin supraparticles and in natural melanins.

Although the assembly of eumelanin oligomers is typically
thought to rely on non-covalent interactions such as n-n stack-
ing, hydrogen bonding, or electrostatic interactions,?”*»%39>
our results strongly suggest that synthetic melanin protoparti-
cles isolated from synthesis can still undergo covalent bonding
with each other as they aggregate. Our results challenge the
view of melanin as structurally immutable and instead high-
light its dynamic nature, which must be considered when pro-
cessing melanin-like materials. This self-crosslinking behavior,
which we propose is common to a broad range of disordered
carbon-based nanomaterials warrants further investigation.

We expect that future work will optimize melanin nanopre-
cipitation to yield even more monodisperse particles that are
tunable over a wider range of sizes. Because many of melanin’s
functional properties depend sensitively on its nanostructure,
efforts to control nanoscale morphology are essential for trans-
lating melanin-like materials into emerging practical techno-
logies. Applications including drug delivery, imaging, photo-
therapeutics, and sustainable energy conversion will benefit
from reproducible and facile control over melanin nano-
structure. By decoupling particle formation from the initial
oxidation chemistry, our post-synthetic hierarchical assembly
method both provides a powerful tool to systematically study
the effects of nano- and mesoscale structuring on eumelanin’s
properties and enables improved structural control in eumela-
nin and related materials.
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