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Abstract

Melanin is a functional biopolymer most commonly associated with human skin pigmentation,
where it serves as a radiation protection agent, shielding us from the harmful effects of UV
radiation. However, melanin is also present in human ears, eyes, hair, and brains, serving a variety
of functions. In fact, melanin has seemingly countless functions in the natural world, and is present
in almost every type of organism on Earth. From bright colors found in bird feathers, to black
fungal cell walls, melanin production has evolved as an ornamental and protective biomaterial
capable of toxin adsorption, metal chelation, thermoregulation, radiation protection, and more.

Inspired by the possibilities of synthetic melanin constructs as functional biomaterials, we
sought to synthesize, characterize, and test artificial analogues of melanin, using new and existing
chemistries, and apply them as protection and coloration agents. We created a library of analogues
of eumelanin, the common type of melanin in humans, with not only spherical but also rod-like
morphology, mimicking a structure found in birds. These were biocompatible with human skin
cells, despite having such drastically different morphologies than the natural system. We also
synthesized mimics of fungal allomelanins which are chemically distinct from human melanins
and showed that these allomelanins are biocompatible with human cells and can protect them from
UV radiation. In an even more unusual application, we synthesized various morphologies of
allomelanin particles with intrinsic and induced porosity, applied them as fabric coatings, and
showed that they can adsorb harmful toxins which can irritate the skin, adding another approach
to skin protection through protective clothing.

Melanin mimics was also tested to determine their use as artificial tanning and radiation

protection agents, exploring monolayer cell culture, 3D reconstructed skin mimics, and intact skin.
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The materials minimized the harmful effects of UV radiation when applied topically to human
skin, and they also showed promise for mitigating the effects of UV and chemical injury in mice.

This work highlights the possibilities of artificial melanins as biocompatible, nature-
inspired materials for skin protection from radiation and toxins, and paves a pathway for further

investigation into melanin for a variety of applications.
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Chapter 1. Introduction to Melanin- Nature’s Multifunctional
Biopolymer

1.1 Introduction

Melanin is an abundant biopolymer discovered in almost all kingdoms of life.?
Impressively, it serves an unusually wide range of functions including structural coloration for
sexual selection,? metal chelation,® toxin adsorption,* ° radical quenching, radiation protection,®
thermoregulation,” 8 and increasing material strength.® 1 Some of these unique features can be
attributed to it possessing one of the highest refractive indices (~1.8-2.0) of any biological material,
and its broadband absorption across the ultraviolet (UV), visible, and infrared (IR) spectrum due
to an abundance of highly conjugated and aromatic subunits.! ** Melanin is one of the most
captivating biomaterials on Earth due to its abundance in almost every kingdom of life, its ability
to take on numerous physical forms, and its functional diversity, therefore, it is of great interest to
study melanin in depth and to recreate it synthetically. Synthetic melanin-based materials have
numerous applications!? such as in human health,™ * energy,’® and the environment,® and they
also aid in understanding the natural world by investigating pure systems, how chemical
enhancements improve or alter material function, and by prompting us to search for more exotic
systems in nature.’ It is with this inspiration that we seek to mimic various classes of melanin in
the laboratory, and to apply them for protection from toxins and radiation.

The most well-known and familiar example of melanin is as a pigment in human skin,
where it exists as a spherical nanoparticle and serves as a natural sunscreen. This abundant class

of melanin is called eumelanin, and it serves as the basis for the vast majority of synthetic efforts
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toward artificial analogues and their applications, most commonly utilizing polydopamine (PDA)
as the synthetic melanin of choice. However, the diversity of melanins in nature extends far beyond
eumelanin, and beyond solid spherical structures. Even within a single species, Homo sapiens for
example, there can exist several classes of melanin, all serving different purposes in different parts
of the body. Therefore, there is a need for further study not just of spherical or film-based PDA-
based materials, but also of synthetic analogues and applications of other melanin chemistries and
morphologies. This chapter will explore the different types of melanin found in nature and describe
motivation for synthetic analogues that utilize PDA but also expand the range of chemistries and
morphologies available, especially as mimics of fungal melanins. It will also apply these novel
melanins to various in vitro, in vivo, and ex vivo studies for application in the protection of human

and animal skin from toxins and UV radiation.
1.2 Classification and Synthesis of Melanin

Melanin is an abundant biomaterial found throughout the natural world. It consists of a
series of monomeric species which are enzymatically oxidized to form highly crosslinked, high
molecular weight polymers with various linkages, and is most commonly found in skin,*® hair,**
20 feathers,?! and in the cell walls of various organisms.??> Melanin often exists in nature as
nanoscale objects, and has been extensively reproduced and investigated using PDA as a model
system.?® Much is debated about the actual structure of polydopamine;?* it is thought to be held
together by a variety of interactions? such as covalent bonds,?* hydrogen-bonding, cation-r,2® and
n-w interactions. The classification of melanin is also debated, but there are generally considered
to be between three and five different classes of melanin.?”- 28 The most simplistic perspective is

to consider three major classes of melanin: eumelanin, pheomelanin, and allomelanin.
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Eumelanin is the most commonly studied melanin since it is the most biologically relevant

to humans, occurring in our skin, hair, eyes,?® ears,® and brain.®! It is derived from the amino acid
tyrosine, which is oxidized by the enzyme tyrosinase to the highly reactive intermediate
dopaquinone, which then undergoes a series of reactions where it is ultimately converted to

eumelanin. This process can be explained simplistically using the Raper-Mason pathway (Figure

1.1).%
Tyrosinase
/@/YCOOH U o D/YCOOH
HO NH, 0, o NH,
Tyrosine Dopaquinone (DQ)
Tyrosinase
0,
Homcoou Hom
COOH
NH, N
HO HO H
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(o}
mcow

- N

o H

+
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Figure 1.1 Raper-Mason pathway of eumelanin synthesis from tyrosine.®?
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Eumelanin mimics have been synthesized by the oxidation of various intermediates along this
pathway, including dopamine (DA), 5,6-dihydroxyindole (DHI), dihydroxyindole carboxylic acid
(DHICA), dopa- most commonly levodopa (L-DOPA), and other related monomers. Synthetic
eumelanin has been investigated in numerous forms for a variety of uses- as gels,® films,3
particles, coatings, injections, and numerous other examples.

Pheomelanin is synthesized via a similar pathway as eumelanin, starting with tyrosine,
however its divergence begins with the incorporation of cysteine to form a sulfur-containing
melanin rich with benzothiazine subunits. The resulting material imparts a reddish hue, evident in
humans with red hair and fair skin, rooster feathers, and orangutan fur. Pheomelanin is also thought
to form a seed for eumelanin growth in the brain to form a core-shell type structure.®®

Allomelanin is very different class of nitrogen-free melanins which are commonly found
in fungi, bacteria, and plants. Depending on the categorization, pyomelanin, a homogentisic acid
(HGA)-based nitrogen-free melanin, can be aligned under this category, however, allomelanin will
be discussed here exclusively in the context of DHN melanin. DHN melanin is named for one of
its key precursors, dihydroxynaphthalene (DHN), specifically the 1,8-DHN isomer. This type of
melanin originates from acetyl CoA and malonyl CoA pathways and is advantageous for its ability
to protect organisms from radiation (Figure 1.2).>® Fungal DHN melanins can comprise a
significant portion of their overall melanin content, but the exact percentage has not yet been
quantified. Studies have shown that DHN melanin does not exist in a pure state in the cell wall,
rather it is incorporated with other cell wall components such as polysaccharides and chitin.®”: %8
Therefore, synthetic analogues are necessary to isolate the effects of DHN melanin, and to improve

its properties. In future, complementary studies, one can also envision engineering organisms to
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Figure 1.2 Fungal dihydroxynaphthalene (DHN) melanin biosynthesis pathway.*
express various amounts of DHN melanin, quantify this distribution, and to test the exact

contribution of DHN melanin to its advantageous properties.
1.4 Chemical and Morphological Diversity in Melanin

We’ve just described that melanin has a diverse array of chemistries, however the diversity
found in nature is not reflected in synthetic efforts. There is much less information on the synthesis
of more exotic analogues and how they compare to the natural systems.?® One recent example of
an extensively characterized, exotic synthetic melanin highlights a very unusual analogue of
pheomelanin, termed “selenomelanin” which substitutes sulfur for the heavier chalcogen selenium.

However, these examples of more unusual melanin mimics are few and far between.
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In addition to the rich range of melanin chemistries found in nature, there are many
morphological differences which result in vastly different nano- and microstructures. However,
there is a serious lack of melanin-based synthetic analogues of these unique structures, and there
are very few examples of synthetic melanin particles which are not solid spheres or films. Some
of the most unusual melanic structures are found in bird feathers as solid or hollow rods or spheres
in various arrangements.' 3° 40 Several synthetic efforts have attempted to mimic these structures
using various templating approaches. Efforts to synthesize rod-like morphologies have frequently
used a gold nanorod template. Layer-by-layer assembly was used to make PDA-coated nanorods.**
Sacrificial gold nanorods templates were etched to form hollow rods, but these were made from
polystyrene and silica, not melanin.*?> The formation of hollow spheres has also utilized
polystyrene; this time as the sacrificial template. These structures were found to exhibit a range of
colors even as amorphous colloidal structures in various liquids.*® In a similar manner, hollow
PDA spheres were made into films which showed superior UV absorption than their solid
counterparts.** However, to date, there are no examples of hollow melanin rods, template-free
melanin spheres, well-defined hollow melanin spheres, or melanin platelets. Additionally, up until
just this last month, there was no previous work on synthetic porous melanins, and this recent work
was all performed by the Gianneschi lab.*> %6 The studies presented herein attempt to address these

deficiencies by exploring both templated and template-free processes.
1.3 Melanin as a Radiation Protection Agent

Radiation protection is one of the major characteristics of melanin. Human eumelanin is

the most salient example of this, and efforts to mimic this process have shown success with
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synthetic analogues affording adequate protection against UV radiation. Synthetic PDA
nanoparticles provided protective effects both in human skin cells and in mice.*” 4

DHN melanin-containing fungal cells have been found in some of the harshest
environments known, such as at the Chernobyl nuclear power plant, and on spacecraft. They thrive
in environments with high radiation levels, giving their melanization process a special interest.® 4%
50 For this reason, fungal cells naturally expressing DHN melanin have been tested in several
different contexts relevant to these unique adaptations. An interesting method for performing these
studies utilizes via fungal ghosts: hollowed out, melanized fungal cell walls which have radiation
protection capabilites.*> DHN-containing mushrooms have also been administered orally to mice
and provide radiation protection.>* However, few synthetic efforts have endeavored to mimic
allomelanin, with the most thorough, well-defined, and well-characterized examples illustrated in

Chapter 2 and Chapter 3 of this work.
1.4 Melanin as a Toxin Adsorption Agent

Toxins abound in the environment, from natural algal toxins leading to shellfish
poisoning,® and mycotoxins,® to man-made contributions such as pesticides, herbicides,
byproducts of industrial processes such as heavy metals® and other pollutants, and chemical
warfare agents.>® Several species have evolved to respond to environmental toxins, and one avenue
they exploit is the upregulation of melanin production. In butter clams, a correlation was shown
between paralytic shellfish poison concentration and melanin concentration, with a site-specific
concentration gradient suggestive of melanin acting as a protection mechanism against self-
poisoning.® Turtle-headed sea snakes were also found to have darker, melanin-based coloration in

polluted environments, suggesting their use of melanin as a toxin remediation agent.* In addition,
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peppered moths rapidly evolved a heavily melanized mutant in a highly polluted environment.®
Previous studies have also investigated the role of melanin uptake of heavy metals in aqueous
solutions®” and the correlation between higher melanization in mice and higher amounts of metal
uptake.®® However, very few efforts to use melanin as a toxin remediation agent for non-metal-
based toxins or small molecules have been published to date,*® and none utilizing synthetic melanin,

until the investigations presented herein.*> 46
1.8 Summary

Melanin is a versatile biopolymer that not only serves many purposes in nature, but also
has potential applications as a synthetic a material with diverse chemistry. This body of work
serves to advance the study of melanin as a material which can be synthesized in the lab using a
variety of chemical precursors, and utilized for protection from toxins and radiation. Inspired by
the natural melanization process, we synthesized, characterized, and applied several different
artificial analogues of melanin. This work highlights the possibilities of artificial melanins as
biocompatible, nature-inspired materials for skin protection from radiation and toxins, and paves

a pathway for further investigation into melanin for a variety of applications.
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Chapter 2. Artificial Allomelanin Nanoparticles as Radiation

Protection Agents in Human Skin Cells

This chapter is adapted from the following publication:
Zhou, X.T; McCallum, N. C."; Hu, Z.; Cao, W.; Gnanasekaran, K.; Feng, Y.; Stoddart, J. F.; Wang,
Z.; Gianneschi, N. C. Artificial Allomelanin Nanoparticles, ACS Nano, 2019, 13, 10, 10980-10990.

(“™ denotes authors equally contributed).

2.1 Introduction

Melanins are a group of natural pigments found in numerous organisms such as animals,
plants and microorganisms.® They are best known for their role in human skin coloring, however
they are also involved in various biological activities, such as sequestering metal ions,5%-63
quenching free radicals,5% photoprotection®”®® and neuroprotection.’® ’* On the basis of the
structure, melanins can be classified into five types: eumelanin,’? pheomelanin,”® neuromelanin,™
pyomelanin’ and allomelanin.”® 7" In nature, eumelanin, pheomelanin and neuromelanin share
chemical composition similarities originating from their formation from a 3,4-
dihydroxyphenylalanine precursor. Most commonly, synthetic mimics of eumelanin have involved
preparation of materials by oxidative polymerization of dopamine.'? 88 |n the last decade,
polydopamine nanoparticles have rapidly expanded to many important applications, such as
radiation protection, 8 surface coating,® biological imaging® ® and structural color.®’
Allomelanin refers to a group of melanins that consist of nitrogen-free precursors such as catechol
and 1,8-dihydroxynaphthalene (1,8-DHN). Typically, allomelanins found in fungi utilize 1,8-DHN

as the precursor, thus referred to as DHN-melanin. In fungi, both eumelanin and DHN-melanin
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aid in survival in hostile environments®: 8 by acting as essential components of the cell wall by
increasing its rigidity, hydrophobicity, negative charge and reducing porosity.®® °* Furthermore,
fungal melanins can protect these organisms from high doses of radiation, and in some cases
gamma radiation has been shown to be beneficial to melanized fungi*® with some species found
on spacecraft and within the reactor at Chernobyl.% 4% 5% %2 Gjven the myriad functions of natural
melanins and the inherent complexity of their chemical nature, synthetic efforts to generate mimics
of each type provide promising routes for structure and function analysis of melanins. In many
organisms and organ systems (e.g. in the human brain versus skin), mixtures of melanins with
subtle variations in chemistry are found. Hence, in this paper, we describe reliable chemical
synthetic routes to allomelanin as a first step, and describe how the resulting artificial allomelanin
nanoparticles function as radiation protection agents in human skin cells via radical scavenging.
Despite the potential of allomelanin in biomedical applications where radiation resistance is
desirable, including as radiation protection agents used in tandem with gamma radiation
treatments,® very little is known about the chemical structure. Some insight is now available given
a recent study where synthetic DHN-melanin was prepared via a chemoenzymatic route.® *® These
initial studies described dimers, trimers, and tetramers through C-C bond formation analyzed by
liquid chromatography mass spectrometry (LCMS). For study in biological systems, and to explore
radical scavenging ability, we utilized a strategy for formulating uniform allomelanin
nanoparticles (AMNPs). Here, we describe synthetic routes via oxidative oligomerization of 1,8-
DHN using the chemical oxidizing agents NalO4 or KMnO4 to access 100-300 nm AMNPs. These
materials show similar free radical scavenging activity to ascorbic acid, a known antioxidant, with

much higher activity than that of size-matched polydopamine-based synthetic melanin
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nanoparticles (PDA-NPs). In addition, we demonstrate that AMNPs are non-toxic, and can be
internalized by neonatal human epidermal keratinocytes (NHEK) resulting in the formation of
microparasols, the protective perinuclear caps found in melanized human keratinocytes.®?
Artificial, synthetic allomelanin-based microparasols protect NHEK cells upon UV irradiation as

detected by a quenching effect of reactive oxygen species (ROS) in cell culture.

2.2 Results and Discussion

2.2.1 Synthesis of Artificial Allomelanin Nanoparticles (AMNP)

AMNPs were synthesized via oxidative oligomerization of 1,8-DHN in aqueous solution
at room temperature. Chemical synthesis was achieved using the oxidizing agents, NalO4 and

KMnOs, (Figure 2.1).12

OH OH OH O OH O OH O OH O OH O
Chemical Oxidants: Dimerization
Oe NalO, or KMnO, O “" ""
1,8-DHN
OH OH OH OH
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OH OH (AMNP)
OO S
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Figure 2.1 Schematic of synthesis of AMNPs. Oxidative oligomerization of 1,8-DHN was
achieved using oxidizing agents NalOs or KMnOs. Resulting oligomers and polymers self-
assemble to form AMNPs.
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Briefly, 1,8-DHN (1.0 mg/mL) was dissolved in a mixture of acetonitrile and ultrapure water,
followed by rapid injection of a 1 N NalOs solution into the reaction mixture. When using KMnOg4
as the oxidizing agent, ultrapure water was exchanged for acetate buffer (0.1 M, pH = 3.7) to
ensure the oxidative capability of KMnOs. Immediately upon injection of the oxidizing agents, the
colorless solution rapidly turned yellow, then gradually to dark gray. After 12 h, the resulting
nanoparticles were purified through five centrifugation/redispersion processes in ultrapure water.
Chemoenzymatic AMNPs were synthesized by laccase-mediated oxidation of 1,8-DHN.%
AMNPs synthesized using NalOs, KMnOs, and laccase were named AMNP-1, AMNP-2, and

AMNP-3, respectively.

Figure 2.2 Morphology and size characterization of AMNPs by (a, b, ¢) TEM, scale bars 200 nm,
and (d, e, f) SEM, scale bars 400 nm. Electron micrographs of (a, d) AMNP-1, (b, €) AMNP-2,
and (c, f) AMNP-3.

AMNPs were characterized by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) (Figure 2.2). AMNP-1, synthesized using NalOs, resulted in

monodisperse spheres with an average diameter of 140+10 nm calculated from TEM micrographs.
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The hydrodynamic diameter of AMNPs was measured using dynamic light scattering (DLS)
(Figure 2.3), showing a diameter of 194 nm with a polydispersity index of 0.08 for AMNP-1.
AMNP-2, synthesized using KMnQOg, resulted in higher dispersity spherical nanostructures with

diameters between 100 nm and 300 nm by TEM and 227 nm with a polydispersity index of 0.09
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Figure 2.3 Average size of AMNPs was determined via dynamic light scattering in ultrapure water
to be (a) 194 nm with a polydispersity index of 0.08 for AMNP-1; (c) 227 nm with a polydispersity
index of 0.09 for AMNP-2; (e¢) 970 nm with a polydispersity index of 0.36 for AMNP-3. Zeta
potential of (b) AMNP-1; (d) AMNP-2; (f) AMNP-3.

TEM micrographs reveal the poorly defined morphology of chemoenzymatically prepared AMNP-

3 with DLS showing a similar range in sizes with a peak at 970 nm with a polydispersity index of
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0.36. The zeta potentials for synthetic AMNPs show peaks at -31 mV, -33 mV and -27 mV for

AMNP-1, AMNP-2, and AMNP-3, respectively, indicating high colloidal stability (Figure 2.3).

Figure 2.4 TEM micrographs of AMNP-1 with different molar ratios of NalO4 to 1,8-DHN
monomer of (a) 0.2:1.0 (b) 0.5:1.0 (c) 1.0:1.0 (d) 1.5:1.0. Scale bars 200 nm. SEM micrographs of
the corresponding AMNP-1 with molar ratios of NalO4 to 1,8-DHN of (e) 0.2:1.0 (f) 0.5:1.0 (9)
1.0:1.0 (h) 1.5:1.0. Scale bars 400 nm.

In addition, by changing the molar ratio of NalO4 to 1,8-DHN monomer, AMNP-1 morphology
was altered (Figure 2.4). By screening various reaction conditions, it was discovered that adding a
higher ratio of oxidizing agent, above 1.0:1.0, resulted in particles which resemble the shape of a
walnut, having lower sphericity than those obtained with ratios below 1.0:1.0. TEM and SEM
micrographs show spherical or “walnut-like” structures when NalO4 to 1,8-DHN molar ratios were

changed from 0.2 to 1.5.
2.2.2 Characterization of AMNP

Fourier transform infrared spectroscopy (FTIR) was performed to investigate the chemical

structure of AMNPs (Figure 2.5). All three AMNPs share the same characteristic peaks observed
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Figure 2.5 FTIR spectra of AMNP-1, AMNP-2, AMNP-3, and 1,8-DHN monomer.

for the 1,8-DHN monomer. The sharp peaks at 3120 cm™, 1611 cm™, 1402 cm™, 1284 cm?, and
1038 cm™* correspond to aromatic C-H stretching, aromatic C=C stretching, C-OH bending, C-OH
stretching, and aromatic C-H bending, respectively. The broad peaks in the 3200-3400 cm™ range
are attributed to the stretching of -OH groups on the naphthalene ring. After formation of AMNPs,
the aromatic C-H bending peak at 753 cm™ is strongly suppressed due to intermolecular
crosslinking of the naphthalene rings. AMNP-1 and AMNP-2 show a broad absorption in the UV,
peaking at ~ 350 nm, while AMNP-3 shows a broader, red-shifted absorption, with a maximum at

approximately 430 nm (Figure 2.6).
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Figure 2.6 UV-Vis spectra of AMNPs and 1,8-DHN monomer.
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Compared to the absorption of the 1,8-DHN monomer, all three types of AMNPs show a

bathochromic shift which may indicate an expansion of the conjugated system due to the oxidative
coupling as well as strong n—n-stacking interactions between the molecules.

High-performance liquid chromatography (HPLC) was used to determine the chemical

makeup of AMNP-1 and AMNP-2. It was discovered that upon treatment of the freshly

synthesized particles with acetonitrile (ACN), they dissolved and could be subjected to further

analysis.
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Figure 2.7 HPLC spectrum of (a) AMNP-1 with 0.5 molar ratio of NalO4 to DHN (retention time
at 14.0 min corresponds to DHN monomer); (b) AMNP-2 with 0.2 molar ratio of KMnO4 to DHN
(retention time at 15.0 min corresponds to DHN monomer). AMNP-3 could not be dispersed in
any of the organic solvents tested.

The small molecules and oligomers therein were analyzed by HPLC using an ACN/water gradient,
and the results indicated that the particles consisted of a mixture of monomer, dimers, and low
order oligomers (Figure 2.7). Interestingly, the distribution of chemical species was different for
AMNP-1 and AMNP-2, which could be indicative of different reaction kinetics due to differences

in reactivity between KMnO4 and NalQOg, although we note that these oxidants have very similar

reduction potentials. AMNP-3 could not be dissolved using ACN or other organic solvents,
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indicating a higher degree of polymerization, consistent with the broad, red-shifted absorption

spectrum shown in Figure 2.6.
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Figure 2.8 (a) LC spectrum of AMNP-1 with a 0.5:1.0 molar ratio of NalO4 to DHN; ESI-MS
spectra of (b)) AMNP-1 in negative mode; (c) monomer, t = 6.83 min; (d) dimer, t = 7.05 min; (e)
dimer, t = 7.31 min; () trimer, t = 7.66 min; (g) tetramer, t = 7.96 min; and (h) pentamer, t = 8.98
min.



37
For further elucidation of the chemical species, electrospray ionization mass spectrometry (ESI-
MS) and LCMS were performed and revealed that that monomer and oligomers could be separated
and assigned, with the most abundant oligomer being a dimer at m/z 317, with pentamers detectable
(Figure 2.8). In a complementary mass spectrometry study, matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) mass spectra of AMNPs were obtained (Figure 2.9).
These display a distribution of oligomers that are separated by 158 Da, corresponding to the “in-

chain” DHN unit.
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Figure 2.9 MALDI-TOF spectra of (a) AMNP-1; (b) AMNP-2; and (c) AMNP-3 in reflectron,
negative mode.

Oligomers with repeating units up to 12 can be observed for AMNP-1 and AMNP-2. For AMNP-
3, either low molecular weight oligomers or the fragments of high molecular weight oligomers
could be observed.

The above analyses suggest that oligomerization of AMNPs involves intermolecular C-C
coupling, further oxidation to form oligomers, and non-covalent self-assembly to form
nanoparticles.®* Therefore, the 1,8-DHN monomer was first oxidized to form a 1,8-DHN radical.
This radical has several resonance structures leading to coupling through C-C bonds to form

appropriate dimers. Considering the resonance structures, the coupling reaction happens mainly



38
between C2, C7, C4, and C5 to form three types of dimers: 2-2°, 4-4°, and 2-4’ dimers. Further
oxidation and oligomerization of these dimers results in oligomers of the 1,8-DHN monomer
which self-assemble to form spherical nanoparticles through the hydrogen bonding of -OH groups
and nt-nt stacking of naphthalene rings (Figure 2.1).

Melanin pigments extracted from several species of fungi have shown the ability to perform
as natural antioxidants which can scavenge free-radicals (reactive nitrogen and oxygen species).®’
AMNPs were initially characterized by EPR to confirm the existence of free-radicals. Next, the
antioxidant properties of AMNPs were investigated using the 2,2-diphenyl-1-(2,4,6-trinitrophenyl)

hydrazyl (DPPH) assay (Figure 2.10).%’
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Figure 2.10 Radical scavenging by AMNPs compared to PDA-NPs and ascorbic acid. (a) DPPH
radical scavenging activity of antioxidants. (b) Calculated amount of quenched DPPH per gram of
antioxidant.

The scavenging activity was determined by monitoring the decrease in absorbance at 516 nm,
indicative of the free radical DPPH. DPPH is reduced through an electron transfer from the
antioxidant material, and the radical scavenging activity can be evaluated using UV-Vis

spectroscopy. All materials were freshly prepared prior to performing the DPPH assay, and the

PDA-NPs were size-matched to those of AMNP-1. Free-radical scavenging activity of PDA-NPs
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and ascorbic acid, a known antioxidant, were included for comparison to that of the AMNPs
(Figure 2.10a). Scavenging activity for all three types of AMNPs was significantly higher than for
PDA-NPs per gram of material (Figure 2.10b). Based on these results, AMNPs show a much
higher antioxidant activity than that of PDA-NPs, with similar activity to ascorbic acid. The radical
scavenging activity of walnut-like AMNP-1 was also tested, observing a trend of decreasing
radical scavenging activity, which could be attributed to a higher degree of oligomerization from

over-oxidation of the particles.
2.2.3 In vitro Assessment of AMNP Uptake and Radiation Protection in Human Skin Cells

Cell studies were performed to understand and probe the cellular compatibility and
protective nature of AMNPs. PDA-NPs have been shown to serve as melanin mimics that are
internalized by primary adult human keratinocytes to form perinuclear structures which serve as
protective agents for the cells.8? Here, we utilized primary neonatal human epidermal keratinocyte
(NHEK) cells to test whether AMNPs, which are chemically different from natural eumelanin and
PDA, could be internalized by human cells in the same manner as eumelanin and eumelanin
mimics. Our ability to acquire a steady source of fresh tissue to isolate primary cells enabled us to
obtain cells from different donors, increasing our sample size, thereby allowing for more rigor in
our experiments. Furthermore, the NHEK cells were readily amenable to differentiation, which
allowed for assessment of the penetration of AMNPs into more complex and developed cell
cultures. In initial uptake studies, undifferentiated NHEK cells were grown in monolayer and
incubated with AMNPs, PDA-NPs, or silica nanoparticles. PDA-NPs were used for comparison to
previous studies showing the biocompatibility and radiation protected effects of PDA,% and the

silica nanoparticles served as non-toxic, non-melanin-based control particles of similar size and
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Figure 2.11 Cryo-TEM of AMNPs in cell media, (a) AMNP-1; (b) AMNP-2; and (c) AMNP-3.
Particles were incubated in cell culture media at 0.04 mg/mL for 48 hours, then 4 pL of suspended
AMNP particles was vitrified and imaged.

negative zeta potential to AMNPs. We also performed cryogenic TEM (cryo-TEM) on AMNPSs to
ascertain the stability of the particles in cell media (Figure 2.11). The particles remained as discrete
objects after incubation with cell media at 0.04 mg/mL for 48 hours, showing good colloidal
stability even in complex milieu. After treatment of NHEK cells with 0.04 mg/mL of silica, AMNP,
or PDA nanoparticles for 24 hours, we observed no appreciable cytotoxicity as compared to the
vehicle-treated control using the MTT cell viability assay (Figure 2.12). The MTT assay is a
colorimetric assay which determines the ability of cells to reduce an MTT dye from its tetrazole
(yellow) form to a formazan (purple) form through the action of mitochondrial reductase. The
absorbance of the formazan product is quantified by a plate reader, and assesses the overall
metabolic activity of the cell. The concentration of melanin used for this experiment was chosen
as the near maximum amount that the cells can internalize before becoming coated on their
surfaces, which results in imaging becoming quite difficult due to the presence of large regions of
black material. In addition, concentrations above 0.04 mg/mL leave excess material in the culture

medium, prohibiting accurate correlation between the concentration of material in the cells, and

cytotoxic (or other) effects.
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Figure 2.12 Cell viability of NHEK cells incubated for 24 hours with 0.04 mg/mL of AMNPs,

PDA-NPs, silica nanoparticles, or the vehicle (water) as a control, and assessed using the MTT
assay. All values are relative to the control, normalized to 100%.

Cellular uptake of AMNPs resulted in trafficking of particles to the perinuclear region to
form cap-like structures (also called microparasols), which are visibly similar to those formed after
incubation with PDA-NPs (Figure 2.13). This result is unexpected given the differences in
chemistry between dopamine and 1,8-DHN precursors, and the lack of nitrogen in AMNPs. It was
previously not known whether a synthetic fungal melanin analogue would be biocompatible with
human skin cells, but these results suggest that the surface chemistry is perhaps sufficient to be
recognized as melanin. Both PDA and DHN-based melanin analogues contain aromatic hydroxyl
groups in various redox and protonation states, with correspondingly similar negative zeta
potentials. The perinuclear structures are most apparent in transmitted light images where the caps
appear black. They form condensed structures around the nuclei in bright-field and fluorescence
merged images. At higher concentrations, caps begin to form 360° around the nucleus, however,
at concentrations below 0.04 mg/mL they are commonly asymmetric and localized to one side of

the nucleus, as in naturally melanized human keratinocytes.*® %
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Figure 2.13 Confocal microscopy of NHEK cells incubated with 0.04 mg/mL of particles for 48
hours. Microparasol formation is apparent as black crescents in the perinuclear region of each cell
in the transmitted light images. Nuclei are labeled with Hoechst (blue). Scale bars 25 um.

To visualize the structures formed around the nuclei at high magnification and resolution, cells
were grown in a monolayer, treated with nanoparticles, embedded in resin, and sectioned for
scanning TEM (STEM) imaging (Figure 2.14). Images were acquired using a high-angle annular
dark field (HAADF) detector and the contrast inverted to maintain the appearance of conventional
bright-field TEM. All AMNPs formed perinuclear caps, visible at lower magnification (Figure
2.14a), and more detailed at higher magnification (Figure 2.14b), in a similar fashion to PDA-NPs.
These results were consistent with the structures visible in the confocal microscopy images. After
treatment with silica nanoparticles, we observed a distribution of particles packaged in vesicles
throughout the cell, distinct from the localized, asymmetric caps formed from the synthetic
melanin particles, indicating that keratinocytes have the ability to discern whether or not the

nanomaterials they are internalizing are sufficiently “melanin-like.”
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Control

Figure 2.14 STEM micrographs of monolayer NHEK cells treated with the vehicle or 0.04 mg/mL
AMNPs, PDA-NPs, or silica nanoparticles for 48 hours, resin-embedded, and sectioned to 60 nm
thick. Images were acquired using an HAADF detector and contrast inverted to simulate traditional
bright-field TEM images. Scale bars 5 um (a, lower magnification) and 1 um (b, higher
magnification). Arrows point to nanoparticles inside the cells.

NHEK cells in confluent monolayers were also exposed to high calcium media (1.2 mM)
for 24 hours to partially induce epidermal differentiation (Figure 2.15). Calcium is one of the most
well studied and most important triggers for epidermal differentiation.’®® A sudden, sustained
increase in calcium concentration (>1.0 mM) causes a host of biological changes which trigger the

cells to produce different types of keratins and to form close cell-cell contacts which are involved
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Transmitted
Light

Control

Figure 2.15 NHEK cells were differentiated in 1.2 mM CaCl; for 24 hours and then incubated
with the vehicle, or 0.04 mg/mL AMNP-2 or PDA-NP. Perinuclear caps are apparent as black
crescents in the transmitted light images. Nuclei are stained with Hoechst (blue). Images show a
single section through the center of the cell layer (left three columns). The cells were also stained
with CellTracker™ Orange CMRA dye (yellow, rightmost column). Scale bars 25 pm.

in adhesion and signaling. We wanted to probe whether AMNPs could penetrate more complex
cell cultures than sub-confluent monolayers of undifferentiated cells, which are readily accessible
to incoming materials. After a confluent monolayer of NHEK cells were calcium switched to 1.2
mM for 24 hours, they were then incubated with the vehicle, or 0.04 mg/mL AMNP-2 or PDA-
NP. When viewing the surface of the cell culture, tight packing and cell-cell contacts were visible,
with little melanin material detectable (Figure 2.15, rightmost column). However, by imaging a

section through the center of the cells using confocal microscopy, perinuclear caps were apparent

as black crescents in the transmitted light images (Figure 2.15, first and third columns).
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This result illustrates that these synthetic melanins can penetrate more complex cell architectures
and provides some insight for future studies where penetration of the skin is desired. It is important
to note though that these partially differentiated cultures do not possess the complex layering of
the fully formed epidermis, and any extrapolation of this system to intact skin is not advised.
Nevertheless, these results provide additional information that suggests that these materials are
favorably internalized by keratinocytes in more than one type of environment and may be useful
for applications using more complex models than those typically shown in the literature. Given
the promising uptake studies, we endeavored to test whether these melanized cells were conferred

additional protection from UV radiation.

No Irradiation No Irradiation

Control

PDA-NP

Silica

Figure 2.16 Oxidative stress was assessed via the ROS-activated CM-H,DCFDA dye (green).
NHEK cells were incubated for 3 days with 0.02 mg/mL of AMNP-1, -2 and -3, PDA-NPs, silica
nanoparticles, or the vehicle (water), treated with the dye, subjected to 365 nm UV irradiation, and
imaged live. Nuclei were stained with Hoechst (blue). Scale bars 25 pum.
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To assess cellular protection ability, cells were treated for 3 days with either the vehicle or

0.02 mg/mL AMNPs, PDA-NPs or silica nanoparticles. They were subsequently incubated with
5/6-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), a pro-fluorescent
dye that is ROS-responsive, and then directly exposed to 365 nm UV light with an irradiance of
2.25 mW/cm? for 2 minutes (Figure 2.16). The control (vehicle-treated) and silica-treated cells
showed a higher signal in the CM-H>DCFDA channel than the AMNP- or PDA-NP-treated cells,
indicating that AMNPs serve as effective antioxidants inside the cells. These encouraging results
illustrate that AMNPs could have potential to serve as radiation agents that could be one day used
as a type of bio-inspired, non-toxic sunscreen or antioxidant for the mitigation of ROS generated

by other types of skin damage.
2.3 Conclusion

In summary, we have developed methods for synthesizing artificial AMNPs from the precursor
1,8-DHN by oxidative oligomerization. We demonstrated the ability to access different
morphologies of AMNPs by tuning the type and amount of oxidizing agent. For example, we
obtained uniform spherical and “walnut-like” AMNPs using NalOs. AMNPS were characterized
by UV-Vis, FTIR, mass spectrometry, solid-state NMR, and EPR, showing similar chemical
makeup for each type of oxidant used. We observed by LCMS that the formation of AMNPs
involves covalent coupling to form oligomers, followed by non-covalent self-assembly of
oligomers to form AMNPs, observable by SEM, TEM and DLS. Furthermore, AMNPs were found
to exhibit reversible redox activity and good radical scavenging abilities compared to PDA-NPs.
In addition, these nitrogen-free melanins, not naturally found in humans, are not only

biocompatible but are recognized, internalized, and packaged by NHEK cells as protective
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perinuclear cap-like structures. Cells treated with AMNPs and subsequently exposed to UV
irradiation show a decreased signal from an ROS-activated fluorophore, indicating that AMNPs
are effective radical quenchers not only by themselves, but also in vitro in human cells. With a
synthetic route in hand, and initially promising data showing radical scavenging and radiation

protection, we propose AMNPs as of potential utility in sunscreens and in protective coatings.

2.4 Experimental Details

Reagents. 1,8-Dihydroxynaphthalene (1,8-DHN) (95+%) was purchased from Matrix
Scientific. Dopamine hydrochloride (99%) was purchased from Alfa Aesar. Tetraethyl
orthosilicate (TEOS) (98%) and sodium phosphate monobasic dihydrate (98%) were purchased
from Acros Organics. Laccase from Trametes versicolor (>0.5 U/mg), 2,2-Diphenyl-1-(2,4,6-
trinitrophenyl) hydrazyl (DPPH), ammonium hydroxide solution (28-30%), sodium phosphate
dibasic (>99.0%), chitosan (molecular weight, 50,000-190,000 Da), 1,1'-ferrocenedimethanol (Fc)
(97%) and hexaammineruthenium(ll) chloride (Ru(NH3)sClz) (99.9%) were purchased from
Sigma-Aldrich. Sodium hydroxide (NaOH) (extra pure), potassium permanganate (KMnOa)
(99%), sodium periodate (NalO4) (99.8%), HPLC-grade acetonitrile (CH3CN) (>99.99%), acetic
acid (HOAc) (299.7%), sodium acetate trihydrate (NaOAc-3H20) (99%), sodium dithionite
(laboratory grade), and all other chemical reagents were purchased from ThermoFisher Scientific
unless otherwise noted. Ethanol (200 proof) was purchased from Flinn Scientific. All chemicals
were used as received. Ultrapure water was purified using a Branstead GenPure xCAD Plus system
from ThermoFisher Scientific and used in all experiments. All grids for transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) were purchased from Electron

Microscopy Sciences (EMS) unless otherwise noted. Cryogenic TEM (cryo-TEM) was performed
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on QUANTIFOIL® Q250-CR2 holey carbon copper grids. Cell sections were imaged on 1-2 mm
slotted copper formvar/carbon grids. Lacey carbon, 300 mesh, copper grids were purchased from
Ted Pella. Grids were surface plasma treated using a PELCO easiGlow glow discharge cleaning
system. Cell viability was performed using the thiazolyl blue tetrazolium bromide (MTT) reagent
(98%) from Sigma Aldrich. Neonatal human epidermal keratinocyte (NHEK) cells were donated
by the Bethany Perez-White Lab at Northwestern University Feinberg School of Medicine. All
other cell culture reagents were acquired from ThermoFisher Scientific.

Instrumentation. SEM images were acquired on a Hitachi S4800-11 cFEG SEM and a
Hitachi SU8030. Dry state TEM of nanoparticles was conducted on a Hitachi HT-7700 biological
TEM at an acceleration voltage of 120 kV. Cryo-TEM experiments were performed on a JEOL
ARMS300F (300 kV) with a cryo holder and transfer station (Gatan Inc., USA) operating at ~ —
170 °C. UV-Vis spectra were recorded using a NanoDrop 2000c UV-Vis spectrophotometer.
Fourier transform infrared spectrometry (FTIR) spectra were obtained on a Nexus 870
spectrometer (Thermo Nicolet). Electrospray ionization mass spectrometry (ESI-MS) spectra were
acquired on a Bruker AmaZon SL. Liquid chromatography—mass spectrometry (LCMS)
experiments were conducted on a Bruker AmaZon X. Analytical high-performance liquid
chromatography (HPLC) analysis was performed on a Jupiter 4u Proteo 90A Phenomenex column
(150 x 4.60 mm) using a Hitachi-Elite LaChrom L-2130 pump equipped with UV-Vis detector
(Hitachi-Elite LaChrom L-2420). Matrix-assisted laser desorption ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) spectra were obtained on a Bruker AutoFlex-111. Hydrodynamic
diameters and zeta potentials were measured on a Zetasizer. Cell viability assays were read on a

Biotek Synergy Neo2 plate reader. Confocal images were obtained on a Leica SP5 laser scanning
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confocal microscope. Resin-embedded cells were microtomed using a Leica EM UC7/FC7 cryo-
ultramicrotome and imaged on a Hitachi HD2300 STEM microscope with a high-angle annular
dark field (HAADF) detector at an acceleration voltage of 80kV. Cell irradiation was performed
with a UVP 8W, 365 nm UVLS-28 EL Series lamp.

MALDI-TOF Sample Preparation. MALDI-TOF measurements were performed on a
Bruker AutoFlex-111 time of flight instrument, operating in negative reflectron mode. AMNPs were
suspended in ultrapure water to reach a final concentration of 0.01 mM. This solution was mixed
with a saturated solution of the matrix (2,5-dihydroxybenzoinc acid, DHB) in water (50:50 volume
ratio). This suspension was deposited on the stainless-steel sample holder and air-dried. Mass

spectra were obtained by averaging the ions from 5,000 laser shots.
2.4.1 Synthesis of Artificial DHN-based Allomelanin Nanoparticles

AMNP were prepared by oxidative oligomerization of 1,8-DHN in a solution containing
sodium periodate (NalO4) or potassium permanganate (KMnQs) at room temperature, open to
ambient air.

AMNP-1: 20 mg of 1,8-DHN was dissolved in 19.00 mL of ultrapure water and 1.00 mL
acetonitrile. 124.9 pL of 1 N NalO4 was added to the mixture. After 12 h, AMNPs were retrieved

by centrifugation (11,000 rpm, 10 min) and washed with ultrapure water five times.

AMNP-2: 20 mg of 1,8-DHN was dissolved in 12.06 mL of 0.1 M HOAc-NaOAc buffer
solution (pH= 3.7) and 1.27 mL acetonitrile. 106.6 pL of 1 N KMnQOs was added to the mixture.
After 12 h, AMNPs were retrieved by centrifugation (11,000 rpm, 10 min) and washed with

ultrapure water five times.



50

AMNP-3 was prepared by laccase-mediated oligomerization of 1,8-DHN under acetate

buffer solution at room temperature.®* Briefly, 30 mg 1,8-DHN was dissolved in 17.10 mL of 0.1
M HOAc-NaOAc buffer solution (pH= 5.0) and 1.90 mL acetonitrile. Laccase from Trametes
versicolor (0.66 EU mg™) dissolved in 1.00 mL of 0.1 M HOAc-NaOAc buffer was added to the
mixture. Ambient air was bubbled into the solution for the first 5 min of the reaction, and then the
reaction was completed open to ambient air over a period of 24 h. The reaction was quenched by
60 pL of a saturated sodium dithionite solution. AMNPs were retrieved by centrifugation (11,000

rpm, 10 min) and washed with ultrapure water five times.

2.4.2 Synthesis of Polydopamine (PDA) and Silica Nanoparticles

PDA-NPs were synthesized through the oxidation and self-polymerization of dopamine in a
solution consisting of water and sodium hydroxide at room temperature.®? Typically, 150 mL of
ultrapure water was fully mixed with 300 mg dopamine hydrochloride under stirring at room
temperature for about 15 mins. Subsequently, 1.45 mL of 1 M NaOH was quickly injected into
this solution. It was observed that the solution color turned to pale yellow immediately and then
gradually changed to black. After 24 h, the targeted PDA-NPs were separated by centrifugation
(10,000 rpm, 10 min) and washed with ultrapure water three times.

Silica nanoparticles were synthesized using the modified Stober method, which utilizes a
stepwise silica seed and growth synthesis.'® Specifically, the silica precursor, tetraethyl
orthosilicate (TEOS, 0.48 mL) was mixed with ethanol (8 mL) while stirring for 10 min. Then, a
mixture consisting of an ammonium hydroxide solution (28-30%, 0.7 mL), ethanol (8 mL) and
ultrapure water (1.2 mL), was continuously added dropwise into the above precursor solution. The

silica seeds grew at room temperature under constant stirring for six hours, were collected by
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centrifugation (12,000 rpm, 10 min), and were washed with ultrapure water four times. The as-
prepared silica seeds (12.6 mg) were dispersed in water (0.6 mL) by sonication, and then mixed
with ethanol (4 mL) and ammonium hydroxide (28-30%, 0.4 mL). A solution mixture containing
TEOS (0.24 mL) and ethanol (4 mL) was added into the above silica seed solution and reacted
under constant stirring for another 85 min. The resulting silica nanoparticles were collected using

centrifugation (10,000 rpm, 7 min), and washed with ultrapure water four times.

2.4.3 DPPH Assay for Antioxidant Activity of AMNPs

DPPH radical scavenging activity of AMNPs was measured according to the literature.®’
Briefly, 0.2 mM of DPPH solution in 95% ethanol was prepared before use, and then 100 pL of
AMNPs dispersed in water was mixed with 1.8 mL of the DPPH solution. The total amount of
AMNPs was varied from 5 to 50 pg in each solution. The scavenging activity was evaluated by
monitoring the absorbance decrease at 516 nm after it remained in the dark for 20 min. DPPH
radical scavenging activity was calculated as | = [1 - (Ai - Aj)/Ac] * 100%, where Ac is the
absorbance of DPPH solution without AMNPs samples, Ai is the absorbance of the samples of
AMNPs mixed with DPPH solution, and Aj is the absorbance of the samples of AMNPs themselves
without DPPH solution. PDA-NPs were used for comparison and ascorbic acid was used as a
positive control. The amount of quenched DPPH per gram of antioxidant was calculated by first
obtaining the slope from a linear fit of the scavenging activity. The absolute value of this slope
represents the absorbance of quenched DPPH per gram of antioxidant. After making a standard
curve of DPPH to convert absorbance to moles, the scavenging activity (mol/g) was obtained for

each antioxidant.
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2.4.4 Cell Culture and Viability Assay

Primary neonatal epidermal keratinocyte (NHEK) cells were isolated from freshly excised
neonatal foreskins and gifted by the Perez-White lab at Northwestern Feinberg School of Medicine.
Tissue was collected under a protocol approved by the Northwestern University Institutional
Review Board (IRB# STU00009443). Patients' consent for neonatal foreskin tissue (for primary
keratinocyte isolation) were not required as these tissues are de-identified and considered
discarded material per IRB policy. To isolate the cells, the tissue was treated overnight with dispase
and then incubated with 0.25% trypsin with 1 mM EDTA for 10 min at 37 °C. The trypsin was
neutralized with FBS, the cells suspended in phosphate-buffered saline (PBS), filtered through a
40 pm sieve, and then centrifuged at 1,000 rpm for 5 minutes. The cell pellets were resuspended
in, and subsequently maintained in, M154 medium supplemented with human keratinocyte growth
supplement (HKGS), 10 pg/mL gentamicin, 0.25 pg/mL amphotericin B, and 0.07 mM CaCl,, and
maintained at 37 °C with 5% CO>. For differentiation, the cells were plated to confluence in -
complete media with 0.07 mM CaCl> for 24 hours, switched to complete media with 0.03 mM
CaCl; for 24 hours, and then switched to media with 1.2 mM CaCl, (without HKGS) for 24 hours
before incubation of the nanoparticles.

For cell viability assays, NHEK cells were maintained at 37 °C with 5% CO: in a non-
differentiated state. They were incubated with AMNPs, PDA-NPs, or silica nanoparticles at a final
concentration of 0.04 mg/mL, the vehicle (sterile water, 2 uL), or 10% DMSO for 24 hours. After
24 hours, they were rinsed with DPBS and then incubated with thiazolyl blue tetrazolium bromide
(MTT) at a final concentration of 0.5 mg/mL for 4 hours. The solution was carefully removed and

the MTT crystals were dissolved in DMSO and incubated for 15 minutes at 37 °C. Absorbance at
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590 nm was recorded and all treatment values were calculated as a percentage of the controls,
which were normalized to 100%.

Perinuclear cap formation was imaged using live cells in a humidity controlled chamber

maintained at 37 °C and supplemented with 5% CO- using a Leica SP5 laser scanning confocal

system.

2.4.5 TEM/STEM Imaging

NHEK cells were grown on 13 mm Thermanox™ coverslips and fixed in 0.1 M sodium
phosphate or PIPES buffer with 2.5% glutaraldehyde and 2% paraformaldehyde. After a fresh
exchange of fixative, the cells were microwave processed using a Pelco Biowave. The samples
were post-fixed with 1% OsO4 in water or 1% OsO4 in imidazole followed by 1% uranyl acetate.
Dehydration occurred with a graded series of ethanol and acetone prior to infiltration with
EMBed812 epoxy resin. The cells were embedded flat in upturned BEEM® capsules and the resin
polymerized at 60 °C for 48 hours prior to ultramicrotomy in a Leica EM UC7 Ultramicrotome.
Ultra-thin sections (60 nm) were post-stained with uranyl acetate and Reynolds lead citrate.
Micrographs were obtained on a Hitachi HD2300 cFEG STEM with an HAADF detector at 80 kV.
Finally, image contrast was inverted to simulate traditional bright-field TEM images.

For cryogenic TEM images of AMNPs in cell media, 4 pL of suspended AMNP particles
was vitrified using a Vitrobot Mark 111 (ThermoFisher Scientific) operating at 8 °C with > 95%

relative humidity. TEM grids were surface plasma treated before the vitrification procedure.
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2.4.6 Reactive Oxygen Species (ROS) Assay

NHEK cells were incubated with 0.02 mg/mL AMNPs, PDA-NPs, or silica nanoparticles
for 3 days, rinsed with DPBS, and then incubated with 4 uM CM-H2DCFDA in DPBS for 45
minutes at 37 °C. The cells were rinsed with DPBS and then allowed a 10-minute recovery time
in complete growth medium at 37 °C. The cells were then subjected to irradiation by a 365 nm, 8
W lamp with an irradiance of 2.25 mW/cm? for 2 minutes at a height of 18 mm. Hoechst 33342
was added to each well, incubated for 15 minutes at room temperature, and then the cells were
imaged live. A Thorlabs S120VC standard photodiode power sensor was used to determine the

irradiance of the lamp
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Chapter 3. Porous Allomelanin Nanoparticles for Toxin and Gas

Adsorption

This chapter is adapted from the following publication:

McCallum, N. C.; Son, F. A.; Clemons, T. D.; Weigand, S. J.; Gnanasekaran, K.; Battistella, C.;
Barnes, B.; Siwicka, Z. E.; Abeyratne-Perera, H.; Forman, C. J.; Zhou, X.; Moore, M. H.; Savin,
D. A.; Stupp, S. I.; Wang, Z.; Vora, G. J.; Johnson, B. J.; Farha, O. K.; Gianneschi, N. C.,,
Allomelanin: A Biopolymer of Intrinsic Microporosity, J. Am. Chem. Soc. Accepted Feb 17, 2021.

DOI: 10.1021/jacs.1c00748.
3.1 Introduction

Melanin is a versatile pigment found in almost every type of organism on Earth.! It serves
a variety of known functions in nature such as radiation protection,® metal chelation,'®
thermoregulation,” and structural coloration.?! Melanins have also been shown to exhibit more
exotic properties such as toxin adsorption in melanic seasnakes* and butter clams.’ For the past
decade, the interest in synthetic melanin, specifically human eumelanin, has grown significantly,
with the vast majority of studies centered almost entirely around the oxidative polymerization of
dopamine to form polydopamine (PDA).!2 193-195 This inspired us to explore the richer chemistry
of melanin beyond PDA for access to new types of function. Specifically, here, we focus on
allomelanin-derived 1,8-dihydroxynaphthalene (1,8-DHN), a monomer that is utilized in nature
by fungi. Allomelanins, the nitrogen-free family of melanins, are present in nature not as a pure
substance, but as a complex material associated with polysaccharides and proteins, although this

composition has yet to be quantified.>” 3 Therefore, an artificial mimic provides an approach
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towards pure materials for understanding the unique properties of allomelanin itself. Synthetic
allomelanin mimics have only recently been synthesized, using chemoenzymatic and chemical
synthetic methods to oligomerize and polymerize 1,8-DHN.?* 106197 The latter affords discrete,
spherical particles with low dispersity and with excellent radical scavenging properties.'®” With a
straightforward, high-yielding synthesis in hand, we reasoned, based on the chemical structure of
the oligomers and polymers generated from 1,8-DHN, that the materials could likely exhibit
intrinsic microporosity. This would also suggest that this could be the case for allomelanin
produced by organisms. Indeed, structural analogues in synthetic systems include polymers of
intrinsic microporosity (PIMs) which have previously utilized naphthalene diol-type co-monomers
to afford materials with surface areas of up to 440 m*/g—540 m?/g.% For PIMs,'%!1%18 the voids
created by inefficient packing of the resulting macromolecules gives rise to microporosity and this
property could very well provide organisms generating such materials in the form of melanin

pigments an evolutionary advantage.

Herein, we report a biomimicry approach to develop synthetic porous materials. We show
that amorphous, tunable, high porosity allomelanin nanoparticles can be readily synthesized in a
facile manner with minimal reagents. The resulting materials can be used for gas and toxin
adsorption, inspiring the intriguing possibility that organisms use 1,8-DHN to generate porous

functional materials.
3.2 Results

3.2.1 Preparation of Porous Allomelanin Nanoparticles (AMNP)

Preparation of Spherical/”Solid” Allomelanin Nanoparticles (S-AMNP). Atrtificial

allomelanin was synthesized by oxidative polymerization using 1,8-dihydroxynapthalene (1,8-
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DHN) as a precursor. Synthetic allomelanin initially forms as a mixture of mainly dimers and low
molecular weight oligomers as oxidative polymerization from 1,8-DHN proceeds over 20 hours
(Figure 3.1).%* 197 This mixture of dimers, trimers and higher order oligomers assemble to form
spherical (“Solid”) particles (S-AMNP) spontaneously in solution (Figure 3.2). Bright-field,
scanning transmission electron microscopy (BF-STEM) reveals uniform, spherical structures
(Figure 3.2b,g,l). High-angle annular dark-field STEM (HAADF-STEM) was also performed to

view the particles at higher resolution (Figure 3.2c,h,m). Particle surfaces are visible by scanning
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Figure 3.1 Simplified, proposed chemical structure of synthetic allomelanin and putative
allomelanin polymer unit. 1,8-DHN is oxidized to form a series of resonance structures which
result in various dimer species which can undergo further oxidation to form the final polymer
product. The chemical oxidant used in this study was NalO4, however KMnOj4 can also be used to
form these same structures, and the oxidant chosen affects the distribution of dimers.1%” 1! The
final polymer structure is still under investigation.

electron microscopy (SEM) (Figure 3.2d,i,n) and more clearly visible by atomic force microscopy
(AFM) (Figure 3.2e,j,0). Over time we observed a visible darkening of the color of the particles in

aqueous suspension, from light gray to black, correlated with polymerization and crosslinking.
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bright-field scanning transmission electron microscopy (BF-STEM), high-angle annular dark-field
STEM (HAADF-STEM), scanning electron microscopy (SEM), and atomic force microscopy
(AFM). (a-e) 1,8-DHN is oxidized using NalO4 to form self-assembled, “Solid” structures (S-
AMNP) which can be partially dissolved in MeOH at discrete timepoints to form “Hollow” (H-
AMNP, f-j) or “Lacey” (L-AMNP, k-0) nanostructures. (a) S-AMNP synthetic scheme. (b) BF-
STEM. (¢) HAADF-STEM. (d) SEM. (e) AFM. (f) H-AMNP synthetic scheme. (g) BF-STEM. (h)
HAADF-STEM. (i) SEM. (j) AFM. (k) L-AMNP synthetic scheme. (I) BF-STEM. (m) HAADF-
STEM. (n) SEM. (0) AFM. All SEM and BF-STEM scale bars 500 nm, and all HAADF-STEM
scale bars 20 nm.

UV-Vis absorbance was monitored from 1 to 15 days after synthesis of the S-AMNPs
revealing a broadening of the peak at ~250 nm and a shift to longer wavelengths, indicative of
expansion of the conjugated system (Figure 3.3). This is coupled with an increase in the visible
region as particles further oxidize and become darker in color, consistent with previous
observations of these types of systems.'2 Solvent stability was then assessed in preparation for
porosity measurements which necessitate the use of ethanol, or a solvent with low surface tension
that is miscible with liquid CO,, for storage prior to supercritical activation. We observed that the
initially formed allomelanin nanoparticles partially dissolved in ethanol but became stable in

solution after aging, polymerizing and darkening.
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Figure 3.3 UV-Vis of AMNPs over time. Time course following the absorbance of Solid AMNPs
(S-AMNPs) at 24 h, 5 days, 10 days, and 15 days post-synthesis. This is in comparison to Lacey
and Hollow AMNPs (L- and H-AMNPs, respectively) after their formation from S-AMNPs,
subsequent incubation in the MeOH etching solution for 6 days, and dialysis into water. The inset
is zoomed into the region between 200 nm and 450 nm for clarity. All AMNPs are suspended in
water at 0.008 mg/mL.

Due to the initially observed instability, a solvent screen was performed using several
organic solvents with varying polarities to determine the effects on the particles (Figure 3.4).
Freshly synthesized AMNPs (24 h after the initial reaction) were solvent switched from water to
organic solvent via centrifugation at 10,000 rpm for 10 minutes, followed by redispersion at 0.5
mg/mL in the solvent of interest (ethyl acetate (EtOAc), dichloromethane (DCM), acetone, N,N-
dimethylformamide (DMF), acetonitrile (ACN), 1-octanol, acetic acid, isopropanol (IPA), ethanol
(EtOH), or methanol (MeOH)) and incubated for 1 month in the etching solution. Some solvents
(EtOAc, ACN, acetic acid, and EtOH) caused more aggregation than others, which is reflected in

the TEM images. Methanol was discovered to have profound effects on the particle morphology

in the first 3 days after synthesis, resulting in well-defined structures (Figure 3.5), with
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accompanying visual changes in the suspension color both over time and across different solvents
(Figure 3.6). Isopropanol also produced well-defined, hollow-looking particles, but only in a sub-
population of the particles, and EtOH also produced similar hollow particles, but with less
definition. In addition, both EtOH and IPA treatments resulted in particles with a higher degree of
aggregation than MeOH. Therefore, subsequent experiments were performed with MeOH as the
“etching” solvent. Chemical changes in the dimer content were also observed up to two weeks
following synthesis (Figure 3.7). Aliquots from a fresh batch of purified S-AMNP were removed
every day for 13 days, pelletized by centrifugation at 14,000 rpm for 8 minutes, the supernatant
removed, and the particles re-suspended by vortexing in MeOH to a final concentration of 0.5
mg/mL. The solution/suspension was then re-pelletized by centrifugation at 14,000 rpm for 8

minutes and the supernatant analyzed by HPLC.

Scale bars = 200 nm

Figure 3.4 Solvent stability screening of S-AMNPs. Images arranged by increasing solvent
polarity from left to right in the top row, and then continuing left to right in the bottom row.
Micrographs were acquired on a JEOL 1230 TEM operating at 80 kV.
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Time post-reaction before etching with MeOH

Scale bars 200 nm

Figure 3.5 STEM timeseries showing the etching of S-AMNPs and subsequent formation of L-
and H-AMNPs. Freshly synthesized S-AMNPs were solvent switched to MeOH between 1 and 4
days after synthesis (rows). In each of those conditions, they were incubated for between 1 and 6
days in the same MeOH etching solution, followed by dialysis into water (columns). The particles
are more well-defined, and with less collapsed structures after 5 or 6 days in the MeOH solution
containing the etched species. H-AMNPs are best obtained upon solvent switching to MeOH 24 h
post-reaction, and L-AMNPs are best obtained 48 h post-reaction. A slightly etched structure can
be obtained after 72 hours, resembling L-AMNP but to a lesser degree, and 4 days post-reaction,
the particles are stable enough in MeOH that there are no visible morphological changes, as
observed by STEM. Images were acquired on a Hitachi HD2300 STEM operating at 200 kV.

Freshly synthesized S-AMNPs stored at room temperature in water release dimer over time, but
this shedding decreases over the first two weeks after synthesis. This indicates that the particles
take approximately two weeks to fully oxidize, although more studies are needed to investigate

the role of the dimers and other oligomers in the final, oxidized structure.
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Figure 3.6 Photographs of AMNPs in MeOH or Milli-Q water at different timepoints and at
different concentrations. (a) S-AMNPs were dispersed in MeOH at 24 h or 2 weeks after the initial
reaction, and L-AMNPs and H-AMNPs were re-dispersed in MeOH after the etching and
incubation process was completed and after the particles were dialyzed into water for purification.
All AMNPs shown at 0.5 mg/mL in MeOH. (b) Tubes from a were pelletized by centrifugation at
10,000 rpm for 10 minutes. (¢) AMNPs were dispersed in water at 0.08 mg/mL (subsequently
diluted 10X for UV-Vis analysis, see Figure 3.3). (d) S-AMNPs forming in the initial reaction
mixture (1 mg/mL in Ho,O/ACN) 1 minute after injection of the NalO4 oxidant, or at 4 mg/mL 1 h
or 12 d after the reaction was completed (particles were clean and purified). L- and H-AMNPs at
4 mg/mL in water after the etching, incubation, and dialysis process was completed. The
concentration was re-measured after dialysis.
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Figure 3.7 Relative amount of 1,8-DHN dimer shedding from S-AMNP over time as the particles
“age” (oxidize further) in water. The amount of dimer in the supernatant was plotted as a function
of time, with the starting concentration at 24 hours normalized to 1.
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Preparation of Hollow Allomelanin Nanoparticles (H-AMNP). As observed by STEM,

the aging process for generating AMNPs corresponds with an increase in solvent compatibility.
The observations also resulted in the serendipitous discovery that particles aged for 24 h could be
etched to well-defined, Hollow AMNPs (H-AMNP) (Figure 3.2f-j and Figure 3.5). STEM
micrographs show uniform, hollow structures (Figure 3.2g) that are more clearly visible by
HAADF-STEM, wherein there appears a clear distinction between the hollow core and the shell
(Figure 3.2h). H-AMNPs were ultramicrotomed to 80 nm sections, and imaged via STEM,
revealing a hollow core (Figure 3.8). The particles persist as stable suspensions when stored in

water at room temperature for at least 18 months, with no indication of aggregation (Figure 3.9).

Figure 3.8 STEM micrograph of H-AMNPSs, resin-embedded and sectioned to 80 nm thickness.
The sample was not post-stained after sectioning. Scale bar 500 nm.

A zeta potential titration was also performed at a wide range of pH values to ascertain the
isoelectric point and to quantify the observed stability of AMNPs over time (Figure 3.10). The
initial pH values of the stored suspensions in Milli-Q water were 3.48, 3.95, and 3.92 for S-AMNP,
L-AMNP, and H-AMNP, respectively, and the pH of the pure water used was 5.24. Suspensions
of AMNPs stored over time in water (see Figure 3.9) were adjusted to 0.25 mg/mL, and pH 0, 2,

4,6, 8, 10, or 12 by the addition of HCI or NaOH. The particles were stable, with large, negative
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Figure 3.9 STEM micrographs of S-AMNPs (left), L-AMNPs (middle), and H-AMNPs (right),
imaged 18 months after synthesis. The particles were stored in water on the benchtop at room

temperature. Imaging was performed on a Hitachi HD2300 STEM operating at 200 kV. Scale bars
200 nm.

zeta potentials within a large range of pH values, namely at or above pH ~3.5, and with the lowest

values occurring for pH ~6-10. The isoelectric point (zeta potential is approximately 0 mV)

occurred at pH ~0.
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Figure 3.10 Zeta potential titration of S, L-, and H-AMNPs. AMNPs stored in Milli-Q water were

adjusted to 0.25 mg/mL and pH 0, 2, 4, 6, 8, 10, or 12 using NaOH or HCI, prior to zeta potential
measurement.
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Preparation of Lacey Allomelanin Nanoparticles (L-AMNP). With a method for
routinely generating hollow, spherical H-AMNPs, we reasoned that further aging followed by
etching with methanol would lead to a higher surface area particle, with more internal structure
(Figure 3.2k-0 and Figure 3.5). STEM micrographs show structures which are an intermediate
between S- and H-AMNP, with material density in the center having a lacey appearance (Figure
3.21). HAADF-STEM imaging reveals the core of the particle with small voids throughout (Figure
3.2m). We hypothesized that this was due to the re-deposition process of leached oligomers back

onto the particle surface where they are further oxidized as a polymeric shell.
3.2.2 Characterization of AMNP

We next conducted light and x-ray scattering studies to ascertain the dispersity,
morphology, and fine structure of the materials in bulk solution (Figure 3.11 and Figure 3.12).
First, AMNPs were analyzed using multi-angle dynamic light scattering (DLS) (Figure 3.11a-c

and Figure 3.12a) and static light scattering (SLS) in water (Figure 3.12b).
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Figure 3.11 Autocorrelation functions from DLS measurements. (a) Solid (S-AMNP). (b) Lacey
(L-AMNP). (c) Hollow (H-AMNP).
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Figure 3.12 Scattering analysis of Solid (S-AMNP), Hollow (H-AMNP), and Lacey (L-AMNP)
nanoparticles using dynamic light scattering (DLS), static light scattering (SLS), and small-angle
x-ray scattering (SAXS). (a) DLS plot of the average decay rate of the autocorrelation function (I"),
vs the square of the scalar magnitude of the scattering vector (g2), showing the particles have high
uniformity. (b) SLS plot for deriving the radius of gyration (Rg). (¢) SAXS patterns for AMNPs
and scattering patterns from spherical core-shell (CS) geometric modeling. (d) Normalized pair
distance distribution functions (p(r)). (e-g) Representative cross-sections (each 400 A thick) of the
average dummy atom modeling (DAMs) for S-, L, and H-AMNPS, respectively. Color coding
represents the normalized bead probability from 0 (blue) to 1 (red); only beads with occupancy >
1/3 are shown. Blue mesh represents the surface of all the beads with occupancy > 0.1, accessible
to an imaginary 180 A solvent molecule. The cross-sectioned black spheres are for comparison
only and have the same radii as the nanoparticle dimensions determined by core-shell modeling of
the experimental SAXS.113

Hydrodynamic diameters (Dn) of 154 nm (S-AMNP), 150 nm (L-AMNP), and 184 nm (H-
AMNP) were determined by DLS (Equation 3.1 and Equation 3.2). The effective radius of gyration
(Rg) was obtained via multiangle SLS with the parameter p=RgRn giving an estimate of the
compositional distribution of the particles. AMNP Ry values were determined to be 66 nm (S-

AMNP), 73 nm (L-AMNP), and 94 nm (H-AMNP), with p values of 0.86 (S-AMNP), 0.97 (L-
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AMNP) and 1.02 (H-AMNP) corresponding to solid spheres in the case of S-AMNP, with an
increasing distribution of mass towards the shell, commensurate with that observed by STEM, for
L- and H-AMNP, respectively. The effective diffusion coefficient (Detf) was primarily invariant

with g? for all samples, with this angular independence indicative of their low dispersity (Figure

3.13).
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Figure 3.13 Effective diffusion coefficient (Def) plotted as a function of scattering vector (q).

Polydispersity indices (PDI) for the Solid, Lacey, and Hollow particles are 0.17, 0.21, and 0.08,
respectively.

Small-angle X-ray Scattering (SAXS) was performed on AMNPSs that were synthesized 1
month prior to measurement and compared to that of a “fresh” S-AMNP sample synthesized 48
hours prior (see also Equation 3.4). The 1D SAXS patterns from each nanoparticle sample were
fit with a spherical core-shell (CS) model using a Gaussian distribution (Figure 3.12c). In the case
of S-AMNP, to minimize contributions of the shell thickness the shell was fixed to 0.001 A, and
the X-ray scattering length density of the shell constrained to match that of solvent (H20, 9.42x10%°

cm). Through these constraints, the core-shell model mathematically reduces to be very similar
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Figure 3.14 SAXS pattern and corresponding core-shell modeling parameters of Fresh Solid
AMNPs (Fresh S-AMNPs) synthesized 48 hours before the measurement.

to that of a solid spheroid. To further confirm this, no appreciable difference was observed in the
quality of fit or the modeled radius for the solid melanin nanoparticles modeled with either a simple
spheroid or the constrained core-shell model as shown in Figure 3.14 and Figure 3.15. This allowed
for the direct comparison of parameters across the three melanin nanoparticles using the same
geometrical model.

We also analyzed the pair distance distribution function (p(r)) with Dmax (the maximum
diameter of the particle) determined (Figure 3.12d and Figure 3.16). S-AMNPs follow a normal
distribution as expected for solid spherical nanoparticles of smooth surface and uniform density.
H-AMNPs display skewed distribution in p(r) to higher r values as expected for a hollow interior

and significant shell density.
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Figure 3.15 SAXS pattern of S-AMNPs (green circles) with spheroid (blue dashed line) and core-
shell model (red dashed line) for comparison of geometrical models.
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Figure 3.16 Normalized pair distance distribution function (p(r)) for Fresh Solid AMNPs (Fresh
S-AMNPSs).

Finally, L-AMNPs demonstrate peak broadening and skewness suggesting inhomogeneity
within the core. The Dmax for S- (142.4 nm), L- (140.0 nm) and H- (155.0 nm) AMNPs is in strong
agreement with values calculated from core-shell modeling of X-ray scattering and those observed
also by light scattering experiments. Modeling demonstrates H-AMNP have the largest overall

particle radius of 71 nm and greatest shell thickness of 23 nm. In comparison, S-AMNP exhibited
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Table 3.1 Summary of experimental SAXS measurements determined by the core-shell (CS)
model.

Shell

Core radius . Total radius Core p Shell p Solvent p
Al (&) th'C(kﬁ”)eSS (nm)  (x10™cem?) (x10"° cm?) (x10' cm?2)
Solid 611 + 65 0.001 61.1 13.553 9.42 9.42
Lacey 526 + 56 162 68.8 11.220 13.545 9.42
Hollow 483 + 61 227 71.0 9.281 12.245 9.42

the smallest total radius of 61 nm and L-AMNP a total radius of 69 nm with a shell contribution
of 16 nm (Table 3.1). 3D reconstructions (Figure 3.12e-g) reveal structures in good agreement
with STEM, AFM, and light scattering data (Table 3.2). Rq and R¢/Rn were determined from SLS

data.

Table 3.2 Comparison of morphology and size using DLS, SLS, SAXS, STEM, and AFM analyses.
AMNP Dn, pLs Rq Ro/Rr Dn, saxs Ds1em Darw

(nm) (nm) (nm) (nm) (nm)
Solid 154 66 0.86 122 108+9 124 +10
Lacey 150 73 0.97 138 123+ 9 131+ 9
Hollow 184 94 1.02 142 128+10 1417

The SAXS analysis software suite ATSAS was used to further investigate the melanin
nanoparticle structures using an ab-initio dummy atom modeling (DAM) approach. In this
approach, each atom/bead represents an occupied volume element of either particle phase or
solvent phase.!'® These beads are initially randomly assigned phases after which point the
calculated scattering of the modeled particle is refined against the experimental scattering data by
randomly switching the phase of the beads, while gradually reducing the probability of accepting
those changes that do not improve the fit (Figure 3.17 and Figure 3.18, Table 3.3). Renderings of

the averaged DAMSs for each nanoparticle, with the bead occupancy probability color coded from



71
0 to 1 (blue to red, respectively) support the differences observed between melanin nanoparticles

(Figure 3.12e-g). Hence red represents a high probability that the bead position is occupied across
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Figure 3.17 Ten individual DAMMIF modeling runs for AMNPs. (a) Solid (S-AMNP). (b) Lacey
(L-AMNP). (c) Hollow (H-AMNP). X-ray scattering data displayed as symbols with the DAM fit
for each individual run represented with the line. Each modeling run has been vertically offset for
clarity.
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Figure 3.18 Ten individual DAMMIF modeling runs for Fresh Solid (Fresh S-AMNP)

nanoparticles. X-ray scattering data displayed as symbols with the DAM fit for each individual
run represented with the line. Each modeling run has been vertically offset for clarity.

the averaged DAM through to blue representing a low probability for this bead position. DAM for
S-AMNP matches the core-shell modeled sphere of radius 61 nm and has a uniform high
probability of bead occupancy throughout the nanoparticle (Figure 3.12¢). The average DAM for
L-AMNP exhibits a core-shell structure which is in strong agreement with core-shell fitting with
low probabilities for bead occupancies throughout the core of the nanoparticle suggesting a

randomly dispersed lacey internal structure (Figure 3.12f). Finally, the average DAM of H-AMNP
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Table 3.3 Modeling parameters derived from ab initio dummy atom modeling of AMNPs.?

FSC

R | R reciprocal R aDAM Dmax .
AMNP . L e ! NSD resolution

(A) (A) (4) (4) X

(A)
Solid 4743 £1.3 476.1 476.3 1423.5 0.543 £0.012 180 £ 13
Lacey 558.2+0.2 561.8 560.3 1400 0.672 £ 0.006 227 £ 16
Hollow 621.0+ 0.6 626.3 624.4 1550.1 0.768 + 0.013 249 + 17

Fresh Solid 470.9+0.3 473.4 472.9 1289.5 0.567 £0.013 193 £ 14

& For each particle, the real and reciprocal space radius of gyration fitted by DATGNOM agree
with eachother, as does the final Ry as calculated from the averaged DAM. Additionally the
normalized spatial discrepancy of all ten seperately refined aligned models of a particle are below
1, indicative of the individual models sharing a high degree of similiarity for each nanoparticle.*?
The variability of the aligned models as analyzed by FSC suggests a true resolution of these models
is around 180 to 250 A. This knowledge is used to guard against over interpretation of small
features in the averaged DAMS. Rgrea = radius of gyration from real space, Ry recirocal = radius of
gyration calculated from reciprocal space, Rg.apam = radius of gyration from the average dummy
atom model, Dmax = maximum dimension, NSD = normalized spatial discrepancy, FSC resolution
= Fourier shell correlation resolution. Rgrea, NSD, and FSC resolution data all displayed as mean
+ standard deviation.

has a shell of significantly high bead occupancy probability, with a hollow core in good agreement
with core-shell fitting analysis (Figure 3.129). Average DAM of fresh S-AMNPs produced a model
with similar characteristics to aged S-AMNPs (Figure 3.19). Representative cross-sectional slices
(400 A thick) of the average DAM for Fresh Solid (Fresh S-AMNPs) were rotated through three
different imaging planes and color coded to represent the normalized bead probability from 0 (blue)
to 1 (red). From the ab initio modeling it is important to note that the spherical imperfections
evident in the nanoparticle average DAMSs could be representing real nanoparticle imperfections,
or they could be an artifact of sample polydispersity, insufficient low-q data, inter-particle

interference, and the modeling method.



73

Figure 3.19 Representative cross-sectional slices (400 A thick) of the average DAM for Fresh
Solid (Fresh S-AMNPs) rotated through three different imaging planes. Color coding represents
the normalized bead probability from 0 (blue) to 1 (red); only beads with occupancy > 1/3 are
shown. Blue mesh represents the surface of all the beads with occupancy > 0.1, accessible to an
imaginary 180 A solvent molecule. The cross-sectioned black spheres are for comparison only and
have the same radii as the nanoparticle dimensions determined by core-shell modeling of the
experimental SAXS data.

3.2.2 Mechanistic STEM Analysis

Scattering experiments and initial STEM imaging led us to form the hypothesis that at early
timepoints after synthesis, S-AMNP retain a “molten core” of loosely associated small oligomers
that can be dissolved in organic solvent. These small molecules can then leach out of the
micropores into solution, where they eventually redeposit back onto the particle surface over time
as the etching solution remains in contact with the particles. Hollow particles are formed by etching
at an earlier timepoint, therefor the core is less oxidized and more susceptible to dissolution,
whereas just 24 hours later, the etching process leads to lacey particles due to increasingly oxidized
particles which are less susceptible to dissolution by MeOH. To further probe the mechanistic
details of formation of the various morphologies of AMNPs, and to test our hypothesis of the
formation process, high-angle dark-field scanning electron microscopy (HAADF-STEM) images
were obtained and analyzed for size and material density distribution throughout the particles

(Figure 3.20). For these studies, and due to the distinct morphologies, a mixture of 1:1:1
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Solid:Lacey:Hollow AMNP was analyzed on a single lacey carbon TEM grid to provide a uniform
background signal for the intensity measurements (Figure 3.20a). The S- and L-AMNP diameters
were measured as well as the H-AMNP inner diameter (ID) and outer diameter (OD). The
frequency distribution shows that H-AMNP OD increases in relation to the amount of material

dissolved from the inside of the particle. H-AMNPs lose the most material from inside the particle
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Figure 3.20 HAADF-STEM analysis of AMNPs. (a) HAADF-STEM micrograph of 1:1:1
Solid:Lacey:Hollow AMNP mixture used for size and intensity analyses. (b) Frequency
distributions for S- and L-AMNP diameters as well as the inner (ID) and outer (OD) diameters of
H-AMNP. (c) Normalized intensity as a function of the distance from the center of a single AMNP.
The lightly colored area around each curve is the standard deviation of the measurements of at
least 4 AMNP particles. (d) Average total intensity of AMNPs normalized by area.
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and therefore have the largest OD. The H-AMNP ID is smaller than the OD of the S-AMNP,
indicating that some of the original S-AMNP shell remains as material is lost from the inner
volume (Figure 3.20b).

To quantify the relative difference in volume of the material within the particle, we
measured the intensity profile from the center to the periphery of individual nanoparticles (Figure
3.20c and Figure 3.21). Indeed, the relative volume of the material follows expected trends, with
S-AMNPs the most densely packed in the core, and H-AMNPs the least. For all three particles,

the outer “shells” converged to the same relative volume of material.

00

Figure 3.21 Image analysis sequence for STEM intensity measurements from Figure 3.20.
Intensity from the masked image is summed and normalized. (a) Raw H-AMNP HAADF-STEM
image. (b) Moving average. (c) Thresholding. (d) Masking. Analysis was performed in MATLAB.
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To clarify whether there was a conservation of material between AMNPS, the total intensity

of the particle was normalized by area of the particle (Figure 3.20d). Here, irrespective of their
morphology, normalized intensity is almost the same for all the analyzed particles, indicating
negligible loss of material between the particles. This is consistent with the mechanism of
formation of L- and H-AMNPs leaching oligomers from their cores and redepositing them onto
the particle surface, growing the OD of the particle using core material. This process is better
elucidated in Figure 3.22, which illustrates how when Fresh S-AMNP are solvent-switched into
MeOH, monomers/dimers/oligomers from the center diffuse out of the particles through
micropores, and diffused species re-deposit onto the surface of the particle with incubation over
time. This process results in H-AMNP, a hollow particle with a larger diameter than the parent S-

AMNP.

Monomers/dimers/oligomers

Fresh S-AMNP H-AMNP

Figure 3.22 Schematic of H-AMNP formation. Fresh S-AMNP are etched in MeOH. Their cores
contain loosely associated monomers/dimers/oligomers which dissolve in the MeOH and escape
the particles through micropores. Over time, during incubation with the etching solution, these
dissolved species redeposit onto the surface of the particles, growing the outer shell.
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Some of the initial parent S-AMNP shell remains in H-AMNP, which is evidenced by H-AMNP
inner diameters (ID) which are smaller than S-AMNP outer diameters (OD). Formation of L-
AMNP follows the same mechanism, but as the initial S-AMNP is slightly more oxidized before
MeOH treatment, less material diffuses from the core, resulting in a final particle with a diameter
intermediate between S-AMNP and H-AMNP. This mechanism reflects the frequency distribution
shown in Figure 3.20b. This is also consistent with the STEM timeseries that shows that particles
etched at 24 or 48 h but not incubated over several days with the etching solution have shells that
collapse when dried onto a TEM grid (Figure 3.5). The shells are very thin upon initial etching so
that the spherical structures collapse easily, but over time, as more monomer/dimers/oligomers in
solution redeposit onto the outside of the particles, the shells become thick enough that the particles
are stable to deformation. It is unknown whether the etched species (monomers/dimers/oligomers)
first oxidize prior to re-deposition onto the particles, or whether they deposit onto the surface and
then further crosslink. The crosslinking mechanism and resulting chemical structure also remain

unknown, and future studies should investigate these processes more thoroughly.
3.2.4 Sorption Measurements

To assess the porosity of AMNPs, nitrogen physisorption measurements were performed
at 77 K. The particles were first activated using supercritical CO2 and did not have any significant
changes in morphology before and after activation (Figure 3.23). Nitrogen isotherms revealed
Brunauer-Emmett-Teller (BET) areas of 680 m?/g for S-AMNPs, 645 m?/g for H-AMNPs, and
860 m?/g for L-AMNPs (Figure 3.25). DFT calculations showed two major pores around 6 A and
12 A for all AMNPs, although L-AMNP pore volume (0.60 cm®/g) was significantly higher than

for S- (0.35 cm®/g) or H- (0.36 cm®/g) AMNPs (Figure 3.20b) which is consistent with the larger
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Figure 3.23 STEM micrographs of AMNPs recovered after critical activation for BET sorption
measurements. There is no visible morphological change before and after the measurements. Left
to right- Solid (S-AMNP), Lacey (L-AMNP), and Hollow (H-AMNP). Scale bars 200 nm.

voids seen via HAADF-STEM. Based on our pore-size distribution analysis, there were no distinct
mesopores present in L-AMNPs. Although from the STEM data we can see mesoporous Vvoids,
based on the surface characterization conducted from the N2 isotherms, we believe that these

mesopores are highly irregular in size and present only in low concentrations.
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Figure 3.24 Pore size distribution from 0 A to 500 A. Two major micropores appear around 6 A
and 12 A (see Figure 3.25b). Inset shows the mesoporous range (20-500 A), zoomed in to reveal
a low concentration of mesopores for Lacey particles (L-AMNP), and even less for Solid particles
(S-AMNP) and Hollow particles (H-AMNP).
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Beyond 2 nm, the dV/dW pore volume is close to zero, which points to the low quantity of these
mesopores in our materials (Figure 3.24). We hypothesized that due to the -OH groups present on
the surface of the porous AMNPSs, these materials would be promising for ammonia capture and/or
storage.** Therefore, we conducted ammonia isotherms at 298 K (Figure 3.25c). The samples
were degassed and placed under vacuum (P/Po ~10-107) prior to measurements. The ammonia
isotherms showed steep and high uptakes at lower pressures arising from strong interactions
between the AMNPs and NHz, which indicates that these materials would be promising for air
filtration applications. At 1 bar, NHs uptakes for the S-, L-, and H-AMNPs were 17.0 mmol/g,
12.6 mmol/g, and 11.6 mmol/g, respectively. We hypothesize that S-AMNP had the highest NH3

uptake due to an increase of functional group density per gram of material.
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Figure 3.25 Sorption measurements for Solid (S-AMNP), Lacey (L-AMNP) and Hollow (H-
AMNP) nanoparticles, and pore size calculations. For sorption measurements, closed markers
represent adsorption and open markers represent desorption. (a) Nitrogen isotherms. (b) Pore
volume measurements. (c) NHs uptake. (d) CO> uptake. (e) CH4 uptake. (f) IAST calculation for
a mixture of mole fractions 0.05 CO; and 0.95 CHa. (g) Summarized sorption measurements and
pore sizes for AMNPs.
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Despite it having a lower surface area, this higher density could have facilitated NH3 adsorption.
These porous materials have comparable performance in total uptake at 1 bar to metal-organic
frameworks!4*” and porous organic polymers. & 119
To probe the efficacy of AMNPs for gas storage and separation applications, CO2 and CH4
isotherms were collected at 298 K (Figure 3.25d,e). Total CO> uptake is similar to that seen in
microporous organic polymers'?° (S-AMNP= 41.2 cm®/g, L-AMNP= 46.9 cm®/g, and H-AMNP=
40.4 cm3/g), and is higher than observed for CH4 (S-AMNP= 11.8 cm®/g, L-AMNP= 12.9 cm®/g,
and H-AMNP= 10.9 cm®/g). To determine whether AMNPs could be utilized for carbon dioxide
separation from natural gas consisting predominantly of methane, we quantified their selectivity
through the application of ideal adsorbed solution theory (IAST)*?* on the pure gas isotherms fitted
using BET model (Figures 3.26-3.28). Using gas phase mole fractions of 0.05 for CO; and 0.95
for CHas, which is a typical composition for natural gas purification, IAST calculations were

performed at 1 bar (consistent with collected measurements) and predicted selectivities ranging

from 6-8 were obtained (Figure 3.25f). These selectivities indicated that CO>
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Figure 3.26 Pure-component adsorption isotherms for S-AMNP. Loading (mmol/g) of (a) CO>
and (b) CH4 versus pressure (bar) at 298 K. Isotherms were fitted using a BET model with the
Python package pylAST.
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Figure 3.27 Pure-component adsorption isotherms for L-AMNP. Loading (mmol/g) of (a) CO>
and (b) CHa versus pressure (bar) at 298 K. Isotherms were fitted using a BET model with the
Python package pylAST.
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Figure 3.28 Pure-component adsorption isotherms for H-AMNP. Loading (mmol/g) of (a) CO>
and (b) CHa versus pressure (bar) at 298 K. Isotherms were fitted using a BET model with the
Python package pylAST.

was preferentially adsorbed over CHa. The stronger interactions between AMNPs and CO> were
attributed to the presence of hydroxyl moieties present on the surface.*?? 123 Despite L-AMNPs
having the highest storage capacity, the selectivity (6.5) was comparable to that of the S-AMNP.
H-AMNP had the highest selectivity of around 7.5, perhaps arising to the higher density of
functional groups present on the surface per unit volume, as indicated by the lower pore volume
of 0.36 cm®/g. Beyond preferential adsorption due to surface functionalization, the microporous
nature of these particles may have aided in increased uptake of CO., which has a smaller kinetic
diameter of 3.3 A compared to that of CHs (3.8 A). AMNP selectivities were on the order of those

of ZIF-8,12* glucose-derived porous carbon spheres,*?® and close to those of mixed-ligand metal-
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organic frameworks.'?® Therefore, we predict that these particles could be useful for CO;
separation from natural gas. The total uptake for CO, and CH4 followed surface area trends,
indicating that the total loadings of these molecules were less impacted by intermolecular

interactions than for NHs. The combined sorption measurements are compared in Figure 3.25g.

3.2.5 Toxin Adsorption Measurements in Solution

Given the high porosity of AMNPs and success with ammonia capture, we next tested
whether they could serve as toxin remediation agents upon exposure to diazinon and paraoxon,
which are common pesticides and are used as analogues for structurally similar chemical warfare
agents.> 27 A known mass of AMNP (10, 20, or 40 pg + 1 pg) was incubated with either diazinon
or paraoxon for 2 h after which the solution was filtered using a 0.2 um PTFE syringe filter.
Analysis of the target remaining in the sample was performed by HPLC and the resulting data was
fit using the Langmuir isotherm to generate the saturation loading for the materials in grams/gram

and an affinity coefficient (1/M) (Figure 3.29). Binding data suggests that L-AMNP (41.4 g/g) are
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Figure 3.29 Binding of diazinon and paraoxon by Solid (S-AMNP), Lacey (L-AMNP) and Hollow
(H-AMNP) nanoparticles. (a) Diazinon adsorption. (b) Paraoxon adsorption. Error bars represent
the standard deviation based on three replicate measures.
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more efficient at binding diazinon than S-AMNP (14.5 g/g), but not paraoxon (L-AMNP 4.2 g/g,
and S-AMNP 6.5 g/g). Surprisingly, despite H-AMNPs having similar surface areas to S-AMNPs,
they are capable of binding both diazinon (124 g/g) and paraoxon (9.8 g/g) better than S- or L-
AMNPs. This suggests that surface area is not the only parameter important for diazinon binding,
which corroborates the higher affinity for diazinon seen in S-AMNP (91,305 M vs 27,310 M
for L-AMNP, and 9,739 M for H-AMNP). However, surface area trends are consistent with
paraoxon affinities (4,162 M for H-AMNP, 6,698 M* for S-AMNP, and 11,658 M for L-
AMNP). Results from these studies can be found summarized in Table 3.4. The performance of

these materials in on par with that of porous organosilicates.?®

Table 3.4 Saturation loading and affinity of S-,L-, and H-AMNP for diazinon and paraoxon.

Diazinon Paraoxon
Saturation . Saturation "
AMNP loading A(fl\fjlr_‘f;y loading A(m';y
(9/a) (9/g)
S-AMNP 14.5 91,305 6.5 6,698
L-AMNP 414 27,310 4.2 11,658
H-AMNP 124 9,739 9.8 4,162

3.2.6 Toxin Adsorption on Nylon-Cotton (NYCO) AMNP-Coated Fabrics

We next applied AMNPs to nylon-cotton (NYCQO) fabric, and tested their ability to
withstand breakthrough following dimethyl methylphosphonate (DMMP) exposure. DMMP is an
analogue of sarin gas, and a common simulant for phosphorous containing nerve agents and for
permeation studies due to its stability in the gas phase at room temperature.>® Despite the fact that
production and stockpiling of sarin and similar nerve agents have been outlawed, they remain in
use as chemical warfare agents.'?® 3 Antidotes are available but they must be administered very

quickly after exposure and may not be widely accessible. Clothing with the ability to slow and/or



84
impede the permeation of nerve agents may provide sufficiently increased protection and/or time
necessary to obtain antidotes and treatment. To this end, NYCO swatches (2.5 cm?) were coated
(dyed) by immersion in a suspension of AMNPs (4 mg/mL) or a 1,8-DHN monomer solution (4
mg/mL), stirred at 45 °C for 15 hours, and then washed and dried thoroughly. AMNP-coated fabric
swatches (S-AMNP-NYCO, L-AMNP-NYCO, or H-AMNP-NYCO for S-AMNP, L-AMNP, and
H-AMNP, respectively) were imaged via SEM to illustrate the distribution of material along the
fibers, with individual nanoparticles visible for each sample, in comparison to 1,8-DHN-coated

(DHN-NYCO) and uncoated (CTRL-NYCO) controls (Figure 3.30 and Figure 3.31).
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Figure 3.30 SEM images of NYCO fabric swatches at three different magnifications- 100X low
mag (top row, scale bars 200 um), 2,000X (middle row, scale bars 10 um), and 20,000X (bottom
row, scale bars 1 um). (a-c) Uncoated NYCO control (CTRL-NYCO). (d-f) DHN monomer-based
coated NYCO (DHN-NYCO). (g-i) Solid (S-AMNP) coated NYCO (S-AMNP-NYCO). (j-1)
Lacey (L-AMNP) coated NYCO (L-AMNP-NYCO).

Fabric swatches were then tested for permeability to DMMP using a stainless-steel aerosol-

vapor-liquid-assessment group (AVLAG) cell which holds the sample horizontally with O-ring
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seals, supported with solid disks. Liquid droplets of DMMP were applied to the top of the fabric
using a repeating dispenser and a flame ionization detector (FID) continuously monitored DMMP
concentration on the bottom of the fabric over 16 hours. Typically, the threshold used for initial
target breakthrough is based on the military exposure guideline (MEG) of 1 h of marginal exposure
level in air. A “marginal” hazard level is defined as causing degraded mission capability or unit
readiness. This is based on the proportion of the unit likely to exhibit effects, the nature of those
effects, and confidence in the available data. The 1 h marginal air exposure limit for DMMP is 500
mg/m?3.13! None of the materials evaluated permitted target breakthrough at this rate (Figure 3.31e).
To provide a point of comparison, 5.0 mg/m? was used as the threshold value for DMMP analysis.
The peak DMMP rate through CTRL-NYCO was 7.5 g/m?/h with initial breakthrough at <1 min

and 1,030 pg recovered over the 1,000 min experiment duration.
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Figure 3.31 AMNP-coated nylon-cotton (NYCO) fabric toxin permeation studies. (a) Photographs
of 2.5 cm? NYCO swatches before and after coating with AMNPs or 1,8-DHN monomer. (b-d)
SEM images of H-AMNP-NYCO. Scale bars: (b) 200 um, (c) 10 pm, (d) 1 um. (e) Time-dependent
FID response of dimethyl methylphosphonate (DMMP) permeating through NYCO coated and
uncoated fabric swatches. (f) Water vapor transport across NYCO coated and uncoated fabric
swatches vs polytetrafluoroethylene (PTFE) control membrane. (g) Breakthrough times, rates, and
total masses for DMMP exposure, and water vapor transport rates across NYCO fabrics.
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DHN-NYCO swatches had no impact on initial breakthrough (<1.0 min) but resulted in a higher
peak transport rate of 10.9 g/m?h, with a similar final recovery of 1,027 pug. S-AMNP-NYCO
delayed DMMP breakthrough to 25.2 minutes and resulted in a recovery of 981 pg with a peak
rate of 10.02 g/m?/h. Both L-AMNP-NYCO and H-AMNP-NYCO had significantly improved
performance over S-AMNP-NYCO, DHN-NYCO, and CTRL-NYCO. DMMP permeation
through L-AMNP-NYCO and H-AMNP-NYCO remained below the 5.0 mg/m® peak rate
threshold, and their peak rates were low, at 0.53 and 0.50 g/m?/h, respectively. The total transport
was 124 pg for L-AMNP-NYCO and 160 pg for H-AMNP-NYCO; an order of magnitude lower
than CTRL-NYCO and DHN-NYCO controls. Although other fabric coatings exist that have
exceptional DMMP resistance, they are not always practical. StedCarb, for example, exhibits
complete resistance to DMMP, however, the material also impedes permeation of water vapor, a
proxy for breathability in fabrics.’*? Fabrics which do not permit water vapor transport are
uncomfortable for the wearer and suitable for short duration use only. We sought to examine all
NYCO fabric swatches to see if they exhibited efficient water vapor transport, comparing these
values to that of a polytetrafluoroethylene (PTFE) membrane control which is highly fluorinated
and non-permeable to water vapor (Figure 3.31f). All AMNP-NYCO and CTRL-NYCO showed
similar water vapor transport, indicating that the coatings should have little impact on comfort,
and the PTFE performed as expected, with essentially zero transport of water vapor. Interestingly,
DHN-NYCO, which performed poorly in the DMMP breakthrough study, was less permeable to
water vapor than AMNP-NYCO or CTRL-NYCO, although still much more permeable than PTFE.
These results are promising for the application of AMNPs as active dyes for uniforms or other

fabrics where the wearer is in need of additional protection (Figure 3.31g). The black color of the
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dyes may additionally be useful for certain applications, and for others, they can potentially be

used to coat inner layers of multi-layer, composite fabrics.
3.2.7 Porosity and Toxin Adsorption of Fungal Melanin Microstructures

Returning to the original inspiration from naturally melanized systems, we sought a natural
analogue of our system to determine if there were any similarities or promising attributes. One
such possibility is that of the melanized hollow shell created by the etching of fungal cells that
constitutively synthesize DHN melanin. These structures are known as melanin ghosts and have a
more complex chemical makeup compared to our solely DHN-derived synthetic systems,
containing a mixture of 1,8-DHN and related compounds.'®* 1 These structures were imaged

using SEM and TEM, followed by porosity measurements (Figure 3.32).

i) Cell wall lysis
ii) 4 M guanidine
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Figure 3.32 Melanized fungal cell ghost synthesis and characterization. (a) Schematic of the
melanin ghost formation process. (b) SEM image of aggregates precipitated in HCI from cell
culture supernatant (scale bar 500 nm). (c) SEM image of ghosts after critical point drying (scale
bar 10 um). (d) Zoom-in SEM image of ghost after critical point drying (scale bar 1 pm). (e)
STEM image of ghost (scale bar 1 pm). (f) N2 isotherm of ghosts, which yields a BET area of 95
m?/g. Closed markers represent adsorption and open markers represent desorption. (g) Ghost
pore size distribution, with an average micropore size of 13.5 A.
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To make the fungal ghosts, fungal cell walls were enzymatically lysed, followed by
treatment with guanidine thiocyanate, proteinase-K, and then 6 M HCI (Figure 3.32a). They were
washed in water to afford the hollow ghost structures. The cell culture supernatant was precipitated
in 0.6 M HCI to afford melanin aggregates, imaged via SEM (Figure 3.32b). These particles were
found to be relatively nonporous, with a BET area of 15 m?/g. Melanin ghosts were also imaged
via SEM (Figure 3.32c,d) and STEM (Figure 3.32e). SEM samples were prepared by fixation,
dehydration in ethanol, and critical point drying in COz in order to preserve the solvated structure.
Nitrogen isotherms indicate the ghosts have a non-negligible surface area of 95 m?/g (Figure 3.32f)
with an average micropore pore size of 13.5 A (Figure 3.32g). The fungal ghosts provided binding
capacity larger than S-AMNP and L-AMNP for both paraoxon and diazinon, but less than that of

H-AMNP. The binding affinities were within the ranges noted for AMNPs (Figure 3.33).
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Figure 33. Toxin adsorption of fungal melanin ghosts. (a) Diazinon. (b) Paraoxon.

Since this melanin is assembled within the fungal cell wall, it is possible that cellular components
(poly-carbohydrates such as chitin and glucan) may fill in or block pores, interfering with accurate

measurement of the contribution of melanin to the porosity. Due to the heterogeneous nature of
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the fungal melanin, it is not possible to say what the contribution of allomelanin itself is to the
observed porosity. Regardless, these results beg the question whether melanized organisms in
nature might have high porosities, dependent on the abundance of certain chemical precursors.
This is evidence that, while not as porous as the pure synthetic allomelanin analogues, there is

promise for the discovery of other biopolymers of intrinsic microporosity (BioPIMs) in nature.
3.3 Discussion and Conclusion

We found that the initially formed allomelanin nanoparticles, assembled from low
molecular weight oligomers, undergo further oxidation and chemical crosslinking on a timescale
that allows for partial dissolution resulting in tunable morphology and porosity. The formation of
these types of structures has a distant analogue in nature, where process of melanosomal
maturation seen in some bird species. In those animals, solid melanosomes are formed, followed
by a biochemical “etching” of the core to afford hollow structures, wherein a
pheomelanin@eumelanin core-shell structure exploits chemical differences in the bulk and
particle surface for the selective etching process.* Granted, that is a eumelanin-based process, and
requires sophisticated biological mechanisms, but it does beg the question of what kind of role
similar processes might play in yet discovered fungal or other melanin containing systems. In
addition, hollow melanized structures can be made biosynthetically by etching melanized bacterial
or fungal cells to afford hollow structures called melanin ghosts, albeit on a different length
scale.’® Here, we show that the synthesis of these porous AMNP structures is facile, template-
free, and requires few starting materials, all of which are commercially available with the principle

component, 1,8-DHN, being naturally occurring. In addition, the synthesis can easily be adjusted
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with a simple MeOH treatment to enable tunable morphology and increased porosity, while
retaining high uniformity.

The initially observed solvent instability and visible color change over time in AMNPs
allowed us to consider the possibility of chemical tunability. A solvent screen and timeseries of
MeOH treatment revealed a structure that when first synthesized contains a loosely associated core
of oligomers which are disrupted by organic solvent and can leach out of the particle through
micropores and be redeposited onto the surface over several days. This is consistent with a general
increase in size from S- to L- to H-AMNP, as revealed by STEM, AFM, and SAXS analyses. To
clarify whether there was a conservation of material between AMNPs, the total particle intensity
was normalized by area. Irrespective of their morphology, each AMNP contains approximately
the same amount of material. This is consistent with the mechanism of formation of L- and H-
AMNPs leaching oligomers from their cores and redepositing them onto the particle surface,
growing the outer diameters of the particles using material leached from the core. In addition, the
high uniformity of the three AMNPs enabled 3D modeling from well-formed SAXS scattering
curves, often reserved for highly ordered, crystalline systems.

BET measurements revealed AMNPs have high surface areas with tunable micropores
capable of adsorbing N2, CH4, and CO2.The functionalized surface of these materials also proved
to be advantageous for ammonia capture, with results on par or surpassing capabilities of highly
ordered, crystalline structures such as MOFs.}14117 AMNPs were also capable of adsorbing the
toxin simulants diazinon and paraoxon in solution and were highly efficient at preventing the
permeation of DMMP across AMNP-coated NYCO fabric while allowing the transport of water

vapor. This breathable yet absorbent material could be generated in a straightforward manner with
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a simple deposition method from materials that are stable at room temperature in water for at least
18 months prior to use.

This work demonstrates how simple materials generated from biologically relevant
building blocks may provide a route to scalable, biocompatible materials for applications such as
toxin remediation and gas storage. In addition, it proposes the intriguing possibility that such
porosity exists for natural melanins or other materials and are yet to be discovered. We also showed
that natural allomelanin-containing hollow structures (fungal ghosts) have non-negligible porosity
with the capability to adsorb diazinon and paraoxon toxins, and that in the future, other porous
melanins might be discovered. These results demonstrate how materials generated from biological
building blocks may provide a route to scalable, biocompatible materials for applications such as
toxin remediation and gas storage. These results beg the question whether allomelanin-containing
organisms in nature might utilize this high porosity to their evolutionary advantage. Indeed, some
melanins are known to be toxin adsorbents in organisms, yet they are not known to have high
surface areas, and have not been described in terms of their microporosity, although some
suggestion of this has been evidenced by NMR cryoporometry studies probing fungal eumelanin
ghosts.®* However, chemical changes in the melanin monomer have been shown to induce
structural changes on the nano- and micro-scale,*3 37 so the correlations are not necessarily
straightforward and may vary widely depending on the composition of the melanin. In fact, fungal
melanin is not known to exist in a pure state in the cell wall, rather, incorporated with other cell
wall components such as polysaccharides and chitin, and the amount of DHN in allomelanin-
containing fungal cells has yet to be quantified.3”-*® Future work will aim to quantify the melanin

composition and attempt to manipulate the biochemistry of these organisms to clearly elucidate
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the contributions of DHN to the overall structure and function. Synthesis provides a facile
approach to access and probe the performance of pure DHN-melanin devoid of confounding
biological structures/molecules from the natural system, with the understanding that these
additional materials may provide essential functions. Moreover, this synthetic allomelanin may
inspire further investigation of microporosity of this type in natural biopolymers originating with
fungi and extending to other organisms. Finally, in synthetic systems, this kind of bioinspired
approach to porous materials could complement the sophisticated designed materials that have
become of increasing interest in the form of metal-organic frameworks (MOFs),**8 13 covalent

organic frameworks (COFs),'*% 14! and mixed matrix membranes.42143
3.4 Experimental Details

Reagents. 1,8-Dihydroxynaphthalene (1,8-DHN) (95+%) was purchased from Matrix
Scientific. Ethanol (200 proof) was purchased from Sigma-Aldrich. Sodium periodate (NalOa4)
(99.8%), HPLC-grade acetonitrile (ACN) (>99.99%), methanol (MeOH) (>99.8%), ethyl acetate
(EtOAC) (>99.5%), dichloromethane (DCM) (99.6%), acetone (>99.5%), N,N-dimethylformamide
(DMF) (99.5%), 1-octanol (99%), acetic acid (>99.7% wi/w), 2-propanol (IPA) (>99.5%), and all
other chemical reagents were purchased from Fisher Scientific unless otherwise noted. All
chemicals were used as received except for 1,8-DHN, which was re-dissolved in 200 proof ethanal,
filtered, and vacuum dried prior to use. Milli-Q water was used in all experiments, purified using
a Branstead GenPure XCAD Plus system from ThermoFisher Scientific. Transmission electron
microscopy (TEM) grids were purchased from Electron Microscopy Sciences.

Instrumentation. UV-Vis spectra were recorded using an Agilent Cary 100 UV-Vis

spectrophotometer. Scanning transmission electron microscopy (STEM) images were acquired on
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a Hitachi HD2300 or JEOL 200 ARM at an accelerating voltage of 200 kV. Transmission electron
microscopy (TEM) images were obtained on a JEOL 1230 TEM. TEM/STEM grids were surface
plasma treated using a PELCO easiGlow glow discharge cleaning system prior to use. Scanning
electron microscopy (SEM) images were acquired on a Hitachi SU8030 at an accelerating voltage
of 10 kV and an emission current of 15 pA. AFM images were acquired on a Bruker Icon using
peak force QNM, and ScanAsyst A cantilevers. Analytical high-performance liquid
chromatography (HPLC) analysis for the AMNP aging study was performed on a Jupiter 4u Proteo
90A Phenomenex column (150 x 4.60 mm) using a Hitachi-Elite LaChrom L-2130 pump equipped
with UV-Vis detector (Hitachi-Elite LaChrom L-2420). Zeta potential was measured on a
Zetasizer. Multi-angle static and dynamic light scattering (SLS, and DLS, respectively)
measurements were performed on an ALV/CGS-3 four-angle, compact goniometer system.
Samples were activated using a tousimis SAMDRI-PVT-3D Advanced Manual Critical Point
Dryer and a Micromeritics Smart VVacPrep. Sorption measurements were taken on a Micromeritics
ASAP 2020 and a Micromeritics 3Flex Physisorption instrument. Diazinon and paraoxon toxin
adsorption was analyzed by HPLC using a Shimadzu HPLC system. Dimethyl methylphosphonate
(DMMP) permeation studies were performed using a stainless-steel aerosol-vapor-liquid-
assessment group (AVLAG) cell, with detection via a flame ionization detector (FID).

SEM sample preparation. AMNPs were dropcasted onto a silicon wafer, air dried, and
coated with 10 nm osmium before imaging with a Hitachi SU 8030 SEM operating at an
accelerating voltage of 10 kV and an emission current of 15 pA.

AFM sample preparation. Samples were prepared by depositing 20 to 40 uL of AMNP

in Milli-Q water onto 1 cm? freshly cleaved mica, letting it sit for 1 minute, and then blotting dry.
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Embedding of H-AMNPs in resin for STEM imaging. AMNPs were pelletized in an
Eppendorf tube. Dehydration occurred with a graded series of ethanol and acetone prior to
infiltration with EMBed812 epoxy resin and the resin polymerized at 60 °C for 48 hours prior to
ultramicrotomy using a Leica EM UC7 Ultramicrotome to obtain ultra-thin sections (80 nm).

Micrographs were obtained on a Hitachi HD2300 STEM operating at 200 kV.

3.4.1 Synthesis of Solid (S-AMNP), Lacey (L-AMNP) and Hollow (H-AMNP) Porous

Allomelanin Nanoparticles

Solid (S-AMNPs) were synthesized in much the same manner as AMNP-1 in previous
work.2%" Briefly, 1,8-DHN (150 mg) was dissolved in 7.5 mL acetonitrile in a round bottom flask.
To this solution, 142.5 mL Milli-Q water was added, and the mixture was stirred for 5 minutes
before quickly injecting 1 mL of 1N sodium periodate solution. The reaction quickly turned yellow
and then gray upon injection of the oxidant. The reaction was stirred for 20 hours and then purified
by centrifugation at 11,500 rpm for 10 minutes, with three cycles of washing by redispersion in
Milli-Q water. After the final wash, the particles were re-suspended in 12 mL of Milli-Q water in
a 50 mL Falcon tube, and stored at room temperature, capped, and under ambient conditions.
Samples were stored in Milli-Q water at room temperature. The concentration (mg/mL) was
determined by lyophilizing a known volume of S-AMNP suspension in a pre-weighed vial.

Hollow (H-AMNPs) were synthesized from a fresh batch of purified S-AMNPs. S-
AMNPs were stored in Milli-Q water, under ambient conditions, in a capped, plastic tube for 24
hours after synthesis. At this 24 hour mark, they were pelletized by centrifugation at 11,500 rpm
for 12 minutes. The water was removed and replaced with MeOH to a final concentration of 0.5

mg/mL. The pellet was vortexed until full mixing was achieved (approximately 30 seconds), and
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the solution/suspension was then placed onto a horizontal shaker at 90 rpm for 6 days. This mixture
was then dialyzed into Milli-Q water using 10k molecular weight cutoff snakeskin dialysis tubing
(Thermo Scientific), with the water changed 3 times over 2 days. If necessary, the particles were
then re-concentrated to the desired amount by centrifuging at 11,500 rpm for 12 minutes and
removing excess water.

Lacey (L-AMNPs) were synthesized from a fresh batch of purified S-AMNPs. S-AMNPs
were stored in Milli-Q water, under ambient conditions, in a capped, plastic tube for 48 hours after
synthesis. At this 48 hour mark, they were pelletized by centrifugation at 11,500 rpm for 12
minutes. The water was removed and replaced with MeOH to a final concentration of 0.5 mg/mL.
The pellet was vortexed until full mixing was achieved (approximately 30 seconds), and the
solution/suspension was then placed onto a horizontal shaker at 90 rpm for 6 days. This mixture
was then dialyzed into Milli-Q water using 10k molecular weight cutoff snakeskin dialysis tubing,
with the water changed 3 times over 2 days. If necessary, the particles were then re-concentrated

to the desired amount by centrifuging at 11,500 rpm for 12 minutes and removing excess water.
3.4.2 Electron Microscopy and Image Analysis

Scanning Electron Microscopy (SEM). SEM images were acquired on a Hitachi SU8030
at an accelerating voltage of 10 kV and an emission current of 15 pA. AMNPs were dropcasted
onto a silicon wafer, air dried, and coated with 10 nm osmium before imaging with a Hitachi SU
8030 SEM operating at an accelerating voltage of 10 kV and an emission current of 15 pA.

Scanning Transmission Electron Microscopy (STEM). STEM images were acquired on
a Hitachi HD2300 or JEOL 200 ARM at an accelerating voltage of 200 kV. Samples imaged on

the Hitachi instrument were prepared on 200 mesh copper TEM grids with formvar on carbon
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support. Samples imaged on the JEOL 200 ARM instrument were prepared on 200 mesh copper
TEM grids with lacey carbon support layer. In both cases, grids were first plasma treated using a
PELCO easiGlow glow discharge cleaning system, and 2 uL. of AMNP suspension was dropcasted
and left to dry before imaging.

For resin-embedded particles, AMNPs were pelletized in an Eppendorf tube. Dehydration
occurred with a graded series of ethanol and acetone prior to infiltration with EMBed812 epoxy
resin and the resin polymerized at 60 °C for 48 hours prior to ultramicrotomy using a Leica EM
UC7 Ultramicrotome to obtain ultra-thin sections (80 nm). Micrographs were obtained on a
Hitachi HD2300 STEM operating at 200 kV.

STEM Size and Density Measurements. Bright-field STEM (BF-STEM) and high-angle
annular dark-field STEM (HAADF-STEM) imaging for size and density measurements was
performed on a JEOL 200 ARM operating at 200 kV. Images were collected in HAADF-STEM
mode with a probe semiconvergence angle of 10 mrad and at a camera length of 20 cm. A beam
current of 0.3 nA and pixel dwell times between 1 and 5 ps were used. For the radial average
intensity measurements, individual melanin nanoparticles were cropped and a moving average
filter of 5 px was applied to remove noise. Next, the radial averaged intensity from the center of
the particle to the periphery was measured and normalized. The average and standard deviation of
minimum 4 individual nanoparticles of each type were determined. The pixel size is 0.6 nm. For
normalized intensity measurements, the total intensity from the masked data was normalized by

the area of the given particle.
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3.4.3 Light Scattering Analysis

Multi-angle DLS measurements were performed at 0.0001 wt% in Milli-Q water on an
ALV/CGS-3 four-angle, compact goniometer system, which consisted of a 22 mW HeNe linear
polarized laser operating at a wavelength of A=632.8 nm and scattering angles from 6= 30-150°.
Fluctuations in the scattering intensity were measured via an ALV/LSE-5004 multiple tau digital
correlator, and analyzed via the intensity autocorrelation function (g?(t)). A cumulant analysis
was used to fit the data, and the mutual diffusion coefficient was calculated through the relation:

r =q?D, (Equation 3.1)

where I is the average decay rate of the autocorrelation function and q is the scalar magnitude of
the scattering vector. The hydrodynamic radius (Rn) was calculated through the Stokes-Einstein

equation:

_ kgT
6mnsRy

D,, = D, (Equation 3.2)

where Dn is the mutual diffusion coefficient, D; is the tracer diffusion coefficient, ks is the
Boltzmann constant, T is the absolute temperature, and ns is the solvent viscosity. Samples were
filtered through a 0.45 um PVDF filter (Millipore) directly into pre-cleaned scattering cells prior
to measurement.

The effective radius of gyration (Rg) was obtained from the SLS data through a Berry equation,

which relates the inverse scattering intensity as a function of the scattering angle:

(E)l/z - [(L) (1 + ‘12%)]1/2 (Equation 3.3)

Rg My

where K is the optical constant and Rg is the Rayleigh ratio. The assembly My can be extracted

from the inverse y-intercept, while the Ry can be extracted from the slope of the linear relationship.
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The parameter p = 9 / R, Isan estimate of the compositional distribution of the particles, where

p values of 0.775, 1.0, and > 1 correspond to spherical micelles, vesicles, or elongated structures,

respectively.
3.4.4 Small Angle X-Ray Scattering (SAXS) Measurements

Experiments were performed at beamline 5-ID-D of the DuPont-Northwestern-Dow
Collaborative Access Team (DND-CAT) Synchrotron Research Center at the Advanced Photon
Source (APS), Argonne National Laboratory. AMNPs were prepared at 10 mg/mL in Milli-Q
water and during measurements flowed through a 1.5 mm glass capillary at 1 mm/sec for consistent
background subtraction. Data was collected with X-Ray energy at 17 keV (A= 0.73 A) with
samples exposed for 10 frames of 0.2 seconds each. Sample to detector distances were as follows:
201.25 mm for SAXS (small-angle X-Ray scattering), 1014.2 mm for MAXS (mid-angle X-Ray
scattering), and 8508.4 mm for WAXS (wide-angle X-Ray scattering). The scattering intensity
was recorded in the interval 0.002390 < q < 4.4578 A%, The scattering vector q is defined as:

q= (47”) sin (g) (Equation 3.4)
where 0 is the scattering angle. Azimuthal integration of the SAXS pattern to achieve 1D data was
achieved using GSAS-II software (UChicago Argonne, LLC) developed at the APS. Samples were
oscillated with a syringe pump during exposure to prevent beam damage. Background scattering
patterns were obtained from samples containing Milli-Q water. This background data was then
subtracted from experimental data. Modeling of the scattering data with a spherical core-shell

geometrical model was conducted in the Irena software package running on lgorPro software.#
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3.4.5 Dummy Atom Modeling and SAXS Reconstruction

Scattering data were also assessed using ab initio dummy atom modeling (DAM) methods
using the ATSAS analysis software.' Pair distance distribution functions p(r) were calculated
from the background subtracted scattering data (0.003 A to 0.029 A1) for each nanoparticle using
the indirect Fourier transform method DATGNOM.* The ab initio shape determination program
DAMMIF was used to conduct ten separately refined models for each nanoparticle containing
10,000 beads each of approximately 40 A.}46 Similar models were obtained with either an
emphasized Porod or logarithmic curve weighting function. The program DAMAVER was used
to align the models and select the most probable; creating an average DAM where the occupancies
of the atoms are proportional to the probability of the atom existing in all models.**” The
normalized dummy atom occupancy for each averaged DAM was used to calculate a weighted Rq
for each averaged DAM as well as shell to core bead probability ratios. The program SASRES was

used to apply a Fourier shell correlation approach as an estimate of DAM resolution.
3.4.6 Gas Sorption Measurements

AMNPs, stored in Milli-Q water, were centrifuged at 11,500 rpm for 12 minutes, and the
water was removed and replaced with EtOH. This process was repeated twice more with addition
of fresh EtOH each time to ensure effective removal of water. Samples were activated using a
tousimis SAMDRI-PVT-3D Advanced Manual Critical Point Dryer. Using the supercritical dryer,
particles were added to the sample chamber, cooled to 0—10°C, and pressurized to 800 psi. Ethanol
was exchanged with liquid CO2 over a 10 hour period, purging the system for five minutes every
two hours. After the fifth purge, the temperature was raised to 40 °C and the system was

pressurized to 1200-1400 psi to obtain supercritical CO. Pressure was released slowly overnight
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at a rate of 0.5 cc/min. Samples were immediately transferred onto a Micromeritics Smart VVacPrep
and were placed under vacuum for two hours at 25 °C prior to sorption measurements. Nitrogen
physisorption measurements were collected using a Micromeritics ASAP 2020 instrument at 77
K. Pore-size distributions were obtained using DFT calculations with a carbon slit geometry and
an N2 DFT model. CO2 and CHjs isotherms were measured using a Micromeritics ASAP 2020
instrument at 298 K. NHz isotherms were collected using a Micromeritics 3Flex Physisorption
instrument at 298 K. Ideal adsorbed solution theory (IAST) calculations and isotherm fittings using

a BET model for CO,/CH4 were performed using the Python package pylAST.2
3.4.7 Diazinon and Paraoxon Toxin Adsorption Studies in Solution

Solutions of paraoxon and diazinon were prepared in Milli-Q water at concentrations varying from
1 to 100 ppm in 20 mL scintillation vials, and then 10, 20, or 40 ug (= 1 ng) of AMNPs were added
to the solution. Three replicates were performed for each concentration. The samples were mixed
on a rotisserie mixer at room temperature for 2 h, in the dark, and then filtered with 0.2 mm PTFE
syringe filters. Analysis of the target remaining in the sample was performed by HPLC. A
Shimadzu High Performance Liquid Chromatography (HPLC) system with dual-plunger parallel
flow solvent delivery modules (LC-20AD) and an auto-sampler (SIL-20AC; 40 uL injection
volume) coupled to a photodiode array detector (SPD-M20A; 277 nm) was used for data collection.
The stationary phase was a C18 stainless steel analytical column (Luna, 150 mm x 4.6 mm, 3 um
diameter; Phenomenex, Torrance, CA) with an isocratic 45:55 acetonitrile: 1% aqueous acetic acid
mobile phase (1.2 mL/min).**® The amount of target bound was determined based on the difference

between the amount in the sample and the amount in the original target preparation using the same
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HPLC method. The resulting data was fit using the Langmuir isotherm to generate the saturation

loading for the materials in gram/gram and an affinity coefficient (1/M) using the equation:

_ MmQsark [free] H

T —— (Equation 3.5)
where q is the amount bound, m is the mass, gsa iS the capacity, and k is the affinity. The
phenomenological Langmuir expression provides a reasonably good fit for the data collected and

has been used previously for determination of parameters related to binding of energetics and

pesticides by porous adsorbent materials. 28 149-151
3.4.8 Nylon-Cotton (NYCO) Fabric Studies

Deposition of AMNPs onto NYCO Fabric. Deposition onto NYCO fabric swatches (2.5
cm?) was developed through optimization of a previously reported protocol.?>? Swatches were
weighed using a microbalance and subsequently washed with Milli-Q water. The fabrics were then
immersed in 8 mL of a 4 mg/mL AMNP suspension in water or into 8 mL of 4 mg/mL monomer
solution in water. The solutions were stirred at 45 °C for 15 hours. The samples were then placed
into centrifuge tubes containing 10 mL water and washed by vortexing the tubes for approximately
30 seconds. The washing process was repeated three times with fresh water. The samples were
then sonicated in 10 mL water for 2 minutes to remove any unbound AMNPs from the fabric, and
the process repeated 6 times. Finally, the samples were dried in an incubator at 40 °C for 30
minutes. Dried fabrics were weighed again and the amount of deposited melanin was calculated.
The amount of material deposited onto each sample was as follows: 12.4 mg (S-AMNP), 12.7 mg
(L-AMNP), 14.0 mg (H-AMNP), and 2.1 mg from the DHN monomer.

DMMP breakthrough studies on AMNP-coated NYCO fabric. The permeation of

dimethyl methylphosphonate (DMMP) through NYCO fabric samples was assessed as described
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by Test Operations Procedure (TOP) 8-2-501, Permeation Testing of Materials with Chemical
Agents or Simulants (Swatch Testing).*3% 152 An internal, probe driven heater was used to control
the temperature within a custom environment. The ratio of humid to dry air entering this chamber
was addressed using probe-driven mass flow controllers. The stainless-steel aerosol-vapor-liquid-
assessment group (AVLAG) cell held the sample horizontally with O-ring seals. Diffusive
permeation testing used a nitrogen stream. The target was placed in the headspace above the fabric
swatch, which was stagnant, with no pressure difference above and below the swatch. The sample
was supported between two solid support discs with aligned 0.64 cm? circular openings. This
assembly was then placed in the AVLAG cell, and humidity equilibrated for 2 h. DMMP was
introduced as liquid droplets using a repeating dispenser, and the concentration was monitored
using a dedicated flame ionization detector (FID).

Water vapor transport studies on AMNP-coated NYCO fabric. The water vapor
transport (WVT) rate for the treated fabrics was evaluated using a circular fabric sample with a
total exposed area of 1.65 cm?2.13% 154155 The protocol is derived from guidance suggested by
ASTM E96, Water Vapor Transport: Upright Open Cup Method to characterize water vapor
transport through the fabric samples and uses an incubator modified to provide an enclosure at
25°C. A 20 mL scintillation vial was loaded with 16.9 mL deionized water. The fabric sample
was sealed over this vial, and vial was weighed. A desiccant was used to drive a humidity
differential in the incubator, with a dry nitrogen stream flowing across the surface of the sample
(0.25 L/min). The weight of the vial was measured at 30 to 45 min intervals using an analytical

balance.
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3.4.9 Fungal Cell Growth and Ghost Formation

Exophiala lecanii-corni were grown in the following manner: A single colony of E. lecanii-
corni was inoculated into 10 ml YPD liquid medium and shaken at 30 °C at 200 rpm for 48 hours.
1 mL of cell culture was transferred into 100 ml YPD and shaken at 30 °C for 5 days. The cell
culture was very dark after 5 days of growth. The next steps involved a days-long process as
follows: Day 1: Collect fungal cells. Spin down cells at 5,000 rpm for 10 min. Wash cell pellets
with 100 mL PBS. Spin down again. Suspend cells in 10 mL of 1.0 M sorbitol in 0.1 M sodium
citrate (pH 5.5, adjusted with 1 M HCI). Add 100 mg cell wall lysing enzyme from Trichoderma
harzianum. Shake the suspension at 30 °C overnight at 100 rpm. Day 2: Spin down enzyme-treated
fungal cells. Wash with 20 mL PBS twice. Suspend pellets in 10 mL 4 M guanidine thiocyanate
solution. Shake at 28 °C overnight at 100 rpm. Day 3: Spin down cells. Wash with 20 mL PBS 3
times. Suspend pellets in 10 mL 10 mM Tris-HCI (pH 7.8), 1 mM CaCl, and 0.5% SDS plus 1
mg/mL proteinase K . Shake at 37 °C overnight at 125 rpm. Day 4: Spin down cells. Wash with
20 mL PBS 3 times. Suspend pellets in 10 mL 6 M HCI in a glass tube. Put the tube in boiling
water for 1.5 hours. Wash acid treated cells with 50 mL DI water multiple times until the pH
reaches 6. Spin down washed pellets to afford ghosts.

Fungal ghost SEM sample prep and imaging. A suspension of ghosts in water was
dropcasted onto a silicon chip and left for 20 minutes in a humid petri dish. The chip was then
transferred into a porous foam cup and then into a standard cell culture 24 well plate in a series of
treatments and dehydration as follows: water (5 min), 2.5% glutaraldehyde (20 min, 4°C), water
(5 min), and then 10 min each into EtOH at 30%, 50%, 70%, 90%, and finally 3x 10 min at 100%

EtOH. The foam cup was quickly transferred to a 100% ethanol-filled sample chamber of a



104
tousimis samdri-795 critical point dryer. Once dried, the sample was immediately coated in 9 nm
osmium and then imaged on a JEOL JSM-7900FLV SEM at an accelerating voltage of 3 kV and

an emission current of 60 pA.
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Chapter 4. Novel Artificial Melanosomes of Diverse Morphologies:

Eumelanin Analogues

4.1 Introduction

Melanin in the natural world and in synthetic analogues contains a wide array of chemical
identities that vary largely based on the chemistry of the monomer precursors. However, the
synthesis of melanin is much more complex beyond a simple oxidative polymerization of
monomeric species to form complex polymers of spherical nano- and microparticles.
Morphological control of the resulting structures is at times multifaceted, and it is not always
straightforward to describe the reasoning behind these differences even between similar organisms.
Melanic structures exist in human skin, for example, packaged as asymmetric perinuclear, cap-
like structures composed of spherical particles on the order of hundreds of nanometers, but even
this can change depending on the genetic makeup of the individual, with some melanosomes larger
than others.'®® The diversity of morphologies in nature extends far beyond this, and the most exotic
of these structures are found in bird feathers. Birds are most illustrative and representative example
of how the morphology of melanin can vary widely between species, even with a seemingly similar
phenotypical outcome (for example, structural coloration). Not only does the morphology of their
melanosomes change over time during the developmental process, but the end result can provide
not only spherical nanoparticles, but such exotic structures as rods and hollow rods, and with
differing packing orientations (Figure 4.1).% 3% 4% The most obvious example of this function is for
structural coloration for sexual selection and social competition.? But what if these diverse

morphologies were applied to a biological system relevant to humans? Humans don’t possess such
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high aspect ratio melanosomes, nor do they synthesize or use hollow structures. Nevertheless, we
sought to explore the synthesis of hollow, rod-like melanin structures, and to test their

biocompatibility in neonatal human epidermal keratinocytes (NHEK).

Figure 4.1 Melanosome morphologies observed in African starlings, which lead to an observed
iridescence. Scale bars 500 nm. Reproduced with permission, 2013 PNAS.?

A ZnO rod-like template was coated with L-DOPA, a precursor in the melanin synthesis
pathway found in humans, and subsequently, the L-DOPA was crosslinked to form poly-L-DOPA
(P-DOPA). This process also etched out the ZnO rod template, leaving a hollow interior. Through
this templation and etching process, we were able to synthesize hollow, long and short aspect ratio
melanin nanoparticles. We also synthesized spherical particles from L-DOPA and dopamine (DA)
precursors, and compared their biocompatibility with the rod-like particles. The particles were
characterized using electron microscopy, scattering, and electrical potential measurements, and
their biocompatibility in NHEK was assessed and visualized by confocal microscopy. The particles
were internalized by NHEK cells in much the same manner as endogenous melanin, despite their
chemical and morphological distinctions, and they were found to be non-toxic. This work paves
the way for the use of novel melanin morphologies for human skin protection, cosmetics, and other

applications.
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4.2 Results and Discussion

4.2.1 Synthesis and Characterization of New Synthetic Analogues of Eumelanin

Melanin mimics (MelNP) were synthesized by oxidative polymerization under ambient
oxygen (Figure 4.2). Polydopamine (PDA) particles were synthesized by dissolving 300 mg
dopamine HCI with 150 mL of water, stirring vigorously, and then quickly injecting a solution of
NaOH to trigger the polymerization. The size of the PDA particles was tuned by the amount of
NaOH added, with a larger volume (1.6 mL) resulting in smaller particles, and a smaller volume
(1.45 mL) resulting in larger particles. The reaction was stirred overnight and then the particles
collected and purified by three centrifugation cycles in water. P-DOPA particles were synthesized
in the same manner, but instead of using NaOH, the chemical oxidant KMnQO4 was used. 210 mg
of L-DOPA was dissolved in 150 mL of water and 0.90 mL of 1 N KMnO4 was quickly injected
into the solution and the reaction stirred overnight. For a mixture of PDA/P-DOPA, 500 mg of
dopamine hydrochloride and 340 mg of L-DOPA were dissolved in 200 mL of water, and then 2.6
mL of 1 M NaOH was quickly injected into the solution and the reaction stirred overnight.

Synthesis of melanin rod-like structures was more complicated, as it involved a templating
and etching process. Both short and long aspect ratio P-DOPA rods were synthesized in the same
manner, with the only difference being the starting ZnO template. For the long rods, the template
was a ZnO nanowire (50 nm x 300 nm), and for the short rods, the ZnO template was synthesized
according to an established protocol (see the experimental details section for more information).
To make either of the P-DOPA coated rods, 16 mg L-DOPA was dissolved in 100 mL of water,
17 mg ZnO in 60 mL water was added, the mixture sonicated for 5 minutes, and then stirred

vigorously for 20 hours. Over time, the reaction mixture changed from colorless, to light pink, and
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Figure 4.2 Schematic of melanin library synthesis, to form spherical and rod-like structures.

within approximately one hour, a black color formed which continued to darken over several hours.
To etch out the ZnO template and further crosslink the particles, they were resuspended in 30 mL
of Milli-Q water and stirred overnight with 60 mg of ammonium persulfate. The particles were
then washed again in Milli-Q water and dialyzed into Milli-Q water using 10,000 molecular weight
cutoff dialysis tubing to remove any residual salt. They were concentrated by centrifugation at
10,000 rpm for 10 minutes to achieved the desired concentration. The melanin library was then
characterized by scanning transmission electron microscopy (STEM) and scanning electron
microscopy (SEM) (Figure 4.3 and Figure 4.4). These images reveal well-defined particles with

low dispersity.
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Figure 4.3 Library of eumelanin mimics, characterized by STEM (top row) and SEM (bottom
row). From left to right, poly-L-DOPA (P-DOPA), a mixture of 2:1 PDA:P-DOPA, and two
different sizes of PDA particles tuned by using less (Large) or more (Small) NaOH in the reaction.
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Figure 4.4 Melanin rods of two different aspect ratios, termed long and short P-DOPA rods,
characterized by STEM (top row) and SEM (bottom row). Both are synthesized through templation
of polymerized L-DOPA (P-DOPA) onto a sacrificial ZnO template which is etched out from the
core.
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To verify efficiency of the etching process, STEM coupled with energy dispersive spectroscopy
(EDS) was performed (Figure 4.5). There is a clear Zn peak in the EDS spectrum prior to the
etching process, which disappears after etching. The signals for Al and Cu originate from the TEM

grid holder and the copper grid itself, respectively.
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Figure 4.5 STEM-EDS analysis of ZnO template etching from P-DOPA long rods.

After verification by STEM and STEM-EDS, the particles were also characterized by dynamic
light scattering (DLS) and zeta potential (Figure 4.6). Long P-DOPA rods were excluded from the
DLS analysis, as their aspect ratio is not well reflected in the hard sphere approximation modeled
by the automated DLS instrument calculations. All particles had relatively low dispersity with
peaks around the 200 nm diameter range, except for the small PDA particles, which were more
prone to aggregation. This aggregation led to an artificially increased diameter and a widened

distribution.
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Figure 4.6 Characterization of melanin library. (a) DLS (b) Zeta potential.

Zeta potential was also assessed to determine the colloidal stability. All particles had large,
negative zeta potentials, with particles containing P-DOPA having lower zeta potentials overall in
comparison to the PDA. This is to be expected given the additional, readily ionizable carboxylate
group (pKa ~ 2).27 Surprisingly, the small PDA particles had a lower zeta potential than the larger
PDA particles, which is not reflective of the instability and tendency for aggregation seen in the
small particles over the larger ones. Nevertheless, neither were as stable as the P-DOPA containing

particles, which is a consideration for future particle chemistry.
4.2.2 Cellular Uptake and Cytotoxicity of Melanin Library

To investigate the biocompatibility of our melanin mimics, NHEK were incubated with
0.02 mg/mL MelNPs for 24 hours. We aimed to determine whether our particles would be
internalized by NHEK and recognized in the same manner as endogenous melanin. In the natural
system, melanin is passed from melanocytes to keratinocytes, where it is then shuttled to the apical

side of the perinuclear region to serve as a protective “cap” against radiation. Indeed, all the
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materials, even the long aspect ratio rods, were packaged into the expected asymmetrical cap shape

in the perinuclear region, as evidenced by confocal micrographs (Figure 4.7).
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Figure 4.7 Uptake of melanin library in NHEK cells by confocal microscopy. Cells were treated
with 0.02 mg/mL for 24 hours. The top row shows bright-field images overlaid with DAPI (nucleus,
blue). The middle row shows a false color representation of the top row images, whereby the black
perinuclear caps are colored green for easier viewing. The bottom row shows the corresponding
STEM images of the particles used for the cell experiments. Small PDA particles were not used
for this experiment due to increased aggregation in the cell media.

Bright-field images (Figure 4.7, top row) reveal black melanin structures, which are more easily
visualized when false-colored to a bright green color against the blue nuclei and a dark background
(Figure 4.7, middle row). To determine whether the particles could penetrate more complex cell
cultures, NHEK were partially differentiated via a calcium switch into high calcium media, which
is @ major signaling cue in keratinocytes and triggers differentiation (Figure 4.8). The cells were

plated to confluence and then left to proliferate over 24 hours after the switch to media containing

1.2 mM CaCl,. This resulted in a culture 1-2 cells thick with high density. The cells were treated
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with 0.04 mg/mL PDA, P-DOPA, long P-DOPA rod, or short P-DOPA rod for 24 h, and then
imaged via confocal microscopy. In all cases, the particles were taken up by the partially

differentiated cells, indicating there may be promise for penetration and/or adhesion on the skin.
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Figure 4.8 Uptake of melanin library in partially differentiated NHEK cells by confocal
microscopy. Cells were treated with 0.04 mg/mL melanin particles for 24 h and then imaged. The
top row shows bright-field images, and the bottom row is false-colored green for the melanin and
blue for the nuclei. Scale bars 20 pum.

To assess the biocompatibility of MelNPs in human cells, NHEK were treated at 0.04 mg/mL of
each melanin particle for 24 h, the cells washed three times with phosphate buffered saline (PBS)
to remove excess melanin particles, and the CellTiter-Blue® reagent in cell media was added. This
assay provides a fluorescent method for monitoring cell viability and is based on the reduction of
a resazurin dye into resorufin, which is measured using a plate reader. This process is only possible
for metabolically healthy cells; therefore the fluorescent signal is directly proportional to the
amount of healthy cells in the culture. The cells were incubated at 37 °C for 4 hours with this

reagent, and the absorbance of the solutions at 590 nm was recorded. All particles showed good

cell compatibility, with viabilities averaging around 92%.
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Figure 4.9 Cell viability for melanin library. Cells were treated at 0.04 mg/mL for 24 h and then
the viability assessed using the CellTiter-Blue® assay.

These results were compared to a DMSO-treated control which showed 6% cell viability. The
biocompatibility of such different types of melanins points to a possibility that other, even more

exotic melanins, can potentially be used for biological applications in human cells.

4.3 Conclusion

We have demonstrated the synthesis of a melanin library using not only traditional PDA
but also P-DOPA and P-DOPA incorporated into PDA, and also the synthesis of long and short
aspect ratio P-DOPA hollow rods. These melanin mimics were characterized by electron
microscopy, scattering, and other methods, and for the most part, they showed good uniformity,
low dispersity, and high colloidal stability, as evidenced by their largely negative zeta potentials.

The materials were fed to NHEK cells and they showed low toxicity, forming perinuclear
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structures similar to those found in naturally melanized cells. This effect was also apparent for
partially differentiated cells. This work demonstrates that unique melanins with varying
chemistries and morphologies are biocompatible and may one day potentially be used for
applications in sunscreens, cosmetics, and therapeutics. Future studies will involve testing these

materials for their protective capabilities related to radiation and toxin exposure.
4.4 Experimental Details

Reagents. Dopamine hydrochloride (99%) was purchased from Alfa Aesar. Sodium
hydroxide (NaOH) (extra pure), potassium permanganate (KMnQ4) (99%), and all other chemical
reagents were purchased from ThermoFisher Scientific unless otherwise noted. Ultrapure water
was purified using a Branstead GenPure XCAD Plus system from ThermoFisher Scientific and
used in all experiments. All grids for transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were purchased from Electron Microscopy Sciences (EMS) unless
otherwise noted. Lacey carbon, 300 mesh, copper grids were purchased from Ted Pella. Grids were
surface plasma treated using a PELCO easiGlow glow discharge cleaning system. Cell viability
was performed using the CellTiter-Blue® reagent (Promega). Neonatal human epidermal
keratinocyte (NHEK) cells were donated by the Bethany Perez-White Lab at Northwestern
University Feinberg School of Medicine. All other cell culture reagents were acquired from
ThermoFisher Scientific.

Instrumentation. SEM images were acquired either on a Hitachi S4800-11 or a Hitachi
SUB030. Dry state TEM of nanoparticles was conducted on a Hitachi HD-2300 STEM at an

acceleration voltage of 200 kV. Hydrodynamic diameters and zeta potentials were measured on a
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Zetasizer. Cell viability assays were read on a Biotek Synergy Neo2 plate reader. Confocal images

were obtained on a Leica SP5 laser scanning confocal microscope.
4.4.1 Particle Synthesis and Characterization

Synthesis of PDA Nanoparticles. PDA nanoparticles were synthesized in the same
manner as described in section 2.4.2, through the oxidative self-polymerization of dopamine in
water at room temperature with a small amount of NaOH.% Two sizes of PDA particles were
synthesized in the same exact manner, albeit with a larger volume of NaOH injected into the
reaction for the small PDA particles. Typically, 150 mL of ultrapure water was fully mixed with
300 mg dopamine hydrochloride under stirring at room temperature for about 15 mins.
Subsequently, 1.45 mL of 1 M NaOH (large PDA) or 1.6 mL of 1 M NaOH (small PDA) was
quickly injected into this solution. After 24 h, the particles were separated by centrifugation
(10,000 rpm, 10 min) and washed with ultrapure water three times.

Synthesis of P-DOPA Spherical Nanoparticles. 210 mg of L-DOPA was dissolved in
150 mL of water in a round-bottom flask and stirred vigorously for 15 minutes to ensure complete
dissolution. To this, 0.90 mL of 1 N KMnO4 was quickly injected into the solution and the reaction
stirred overnight. The particles were separated by centrifugation (10,000 rpm, 10 min) and washed
with ultrapure water three times.

Synthesis of PDA/P-DOPA Spherical Nanoparticles. 500 mg of dopamine
hydrochloride and 340 mg of L-DOPA were dissolved in 200 mL of water in a round-bottom flask
and stirred vigorously for 15 minutes to ensure complete dissolution. To this, 2.6 mL of 1 M NaOH
was quickly injected into the solution and the reaction stirred overnight. The particles were

separated by centrifugation (10,000 rpm, 10 min) and washed with ultrapure water three times.
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Synthesis of P-DOPA Rods. Both the short and long P-DOPA melanin coated rods were
synthesized in the same manner after obtaining the ZnO template. For the long rods, the template
was a commercially available ZnO nanowire (50 nm x 300 nm) (Sigma). The short rod ZnO
template was synthesized by mixing 14.75 g zinc acetate in 60 mL MeOH and 7.40 g of KOH in
EtOH. This mixture was stirred at 85 °C for 72 h and the resulting nanorods were purified by a
series of centrifugation cycles in Milli-Q water (3 x 10,000 rpm for 10 minutes).
To make either of the P-DOPA melanin coated rods, 16 mg L-DOPA was dissolved in 100
mL of Milli-Q water in a round-bottom flask and stirred for 15 minutes to ensure complete
dissolution. To this, 17 mg ZnO rod template in 60 mL of Milli-Q water was added, and the
suspension sonicated for 5 minutes. The reaction mixture was then stirred vigorously for 20 hours,
resulting in a black color. The resulting coated particles were purified by centrifugation (10,000
rpm, 10 min) to remove any unbound monomer in three washing cycles with Milli-Q water. To
etch out the ZnO template and further crosslink the particles, they were resuspended in 30 mL of
Milli-Q water and stirred overnight with 60 mg of ammonium persulfate. The particles were once

again cleaned by centrifugation (10,000 rpm, 10 min) by three washing cycles in Milli-Q water.
4.4.2 Cell Studies

Primary neonatal epidermal keratinocyte (NHEK) cells were isolated from freshly excised
neonatal foreskins and gifted by the Perez-White lab at Northwestern Feinberg School of Medicine.
Tissue was collected under a protocol approved by the Northwestern University Institutional
Review Board (IRB# STU00009443). Patients' consent for neonatal foreskin tissue (for primary
keratinocyte isolation) and human tissue sections from truncal skin (obtained from abdominoplasty)

were not required as these tissues are de-identified and considered discarded material per IRB
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policy. To isolate the cells, the tissue was treated overnight with dispase and then incubated with
0.25% trypsin with 1 mM EDTA for 10 min at 37 °C. The trypsin was neutralized with FBS, the
cells suspended in phosphate-buffered saline (PBS), filtered through a 40 pum sieve, and then
centrifuged at 1,000 rpm for 5 minutes. The cell pellets were resuspended in, and subsequently
maintained in, M154 medium supplemented with human keratinocyte growth supplement (HKGS),
10 pg/mL gentamicin, 0.25 pg/mL amphotericin B, and 0.07 mM CaCl,, and maintained at 37 °C
with 5% CO.. For differentiation studies, the cells were plated to confluence in 0.07 mM CaCl»-
containing media, then switched to 0.03 mM CaCl, for 24 hours, and then again switched to the
high calcium media containing 1.2 mM CaCl, for 24 hours to induce the early stages of
differentiation.

Cell Viability. NHEK were seeded overnight in 48 well plates with a volume of 250 uL
per well, and then incubated with melanin nanoparticles at a final concentration of 0.04 mg/mL,
the vehicle (sterile water), or 20% DMSO for 24 hours. After 24 hours, they were carefully rinsed
with DPBS three times, and then 50 uL of the CellTiter-Blue® (Promega) reagent was added to
each well. The cells were then incubated for 4 hours at 37 °C. Absorbance of the converted
resorufin product at 590 nm was recorded. Results are an average of three biological repeats.

Confocal Microscopy. NHEK were incubated with 0.02 mg/mL melanin particles for 24
hours, rinsed three times with PBS, fixed with 4% paraformaldehyde, and then stained with DAPI.
Bright-field images were overlaid with the DAPI channel to orient the black signal from the
melanin around the nucleus. False colored images were created in ImageJ (FI1J1) by colorizing the

black melanin caps in the bright-field channel to green for better visualization of the cap structure.
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Chapter 5. Skin Applications of Synthetic Melanins

5.1 Introduction

Melanin is most famous for its role in the pigmentation of human skin. It serves as the
primary “natural sunscreen” that shields against UV radiation (UVR) from the sun, protecting
nuclei from DNA damage. Human ancestors were primarily located in equatorial environments,
and as they became more active, they started losing more body hair and gaining more sweat glands
in order to cool themselves faster. This resulted in more skin being exposed to the sun, and an
increase in melanin pigmentation which was previously primarily located on the face.™® This
increased melanization allowed for early members of the genus Homo to lead active lives in hot
climates such as in Africa. As humans migrated away from the equator, these further latitudes
afforded less overhead direct sunlight, which decreased their ability to synthesize vitamin D.
Therefore, a high degree of skin melanization became less advantageous, as it made the already
scarce sunlight even less available. This resulted in the eventual selection of depigmentation over
time, which evolved independently in Europe and East Asia.’® However, in this modern age,
humans are more mobile than ever, and there is a mismatch between the genetic expectations of
sun exposure, and the climate of residence. Furthermore, there are additional avenues to readily
obtain sun exposure such as traveling to hotter climates and artificial tanning beds. This has led to
the advent of chemical sunscreens for the protection of the skin from UV damage, which can lead
to burns and cancer.

Skin cancers stem result from UVR exposure and make up half of all cancers in the USA.
There is evidence that regular use of sunscreen is effective at prevention of squamous cell

carcinoma.*®® The first sunscreens were formulated in the 1930’s, and one of the earliest patented
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sunscreens was a red jelly called “Red Vet Pet” which was created to protect soldiers from the
harsh sun of the tropics in World War 1l. Sunscreens have come a long way from their earliest
iterations, with low sun protection factor (SPF) and sticky finish.*®® In modern days, there are two
main classes of sunscreens on the market; nano- or microparticle-based TiO2 or ZnO “mineral
sunscreens” Which have semiconductor-like electronic properties which make them very effective
at absorbing UV light, or “chemical sunscreens” made from aromatic small molecules containing
multiple conjugated n-electron systems which absorb UVR and dissipate the energy as heat.6% 162
These chemical sunscreens are effective agents against UVR, however there is growing concern
regarding their systemic safety in the human body*® 164 and adverse environmental effects.*65 166
So-called mineral sunscreens have been praised for being “natural” and “safe” for their broad
spectrum absorption and low degree of skin penetration, but some studies suggest they can
penetrate the skin to various degrees, and that other routes of exposure such as through the
respiratory and digestive tracts warrant consideration.®” In addition, mineral sunscreens are very
efficient at scattering visible light, displaying a white, chalky cast onto the skin, which is highly
undesirable, especially on people with darker complexions. This issue can be somewhat
circumvented by decreasing the particle size from the micron scale to the nanoscale (~200 nm or
less for ZnO and ~10-20 nm for TiO>), but this can change the optical properties, and increases
concern for penetration into the skin, especially in compromised skin.'®” Nevertheless, these
sunscreen products are widely popular for their prevention against skin cancers and premature
aging because there are simply no other alternatives for mitigating sun exposure aside from
wearing protective clothing.

Despite the popularity of sunscreen products, there is a discrepancy between the desire for
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protection from the harmful effects of UVR, and the desire for increased melanization of the skin
for cosmetic purposes, especially in Western societies, which naturally necessitates sun exposure.
In certain cultures, having a tanned appearance is considered beautiful, but the best way to achieve
a natural tan is by exposing oneself to the sun. It is not impossible to increase melanization while
wearing traditional sunscreens, as they are not 100% effective, but it is made more difficult as the
process takes much longer and produces a much less pronounced effect. Tanning products (lotions,
creams, gels, foams, sprays) were first introduced in the 1960’s as a lotion which produces an
artificial tan color after application, independent from the melanization process. However, these
products suffer from a host of issues. The two chemicals used for artificial tanning are
dihydroxyacetone (DHA), and less commonly, erythrulose, which both form a brown color upon
reaction with the proteins of the stratum corneum, in a well-known reaction called the “Maillard
reaction.” The Maillard reaction is a chemical reaction between amino acids and reducing sugars,
and is most commonly referred to in the context of food browning as it cooks or bakes. When this
reaction occurs in the skin after application of tanning products, it results in a significant,
unpleasant odor which is difficult to remove and lasts several days. The resulting skin color is
generally an orange tone which does not resemble a natural looking tan. Even more unfavorable
are myriad potential health effects resulting from the use of these active ingredients, specifically
DHA (much less information exists for erythrulose). The Maillard reaction forms glycotoxins
which can cause oxidative stress and inflammation in large quantities and are implicated in several
degenerative diseases such as Alzheimer’s disease. DHA can also increase susceptibility to free
radicals, even hours after application.%® Lastly, there is additional growing evidence that DHA

can penetrate into the basal layer of the epidermis and the dermis, and that chronic inhalation via
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spray tanning booths may increase the risk for pulmonary disease.'%°
For these reasons, there exists a need for alternative sunscreens and skin tanning agents,
ideally by mimicking the natural system by creating an artificial melanin that is chemically and
visibly similar to human melanin, or improving upon what nature has provided by designing
synthetic materials that mimic or enhance other types of melanin chemistries found in nature.
Synthetic melanin is a promising material for the coloration and protection of human skin
since it has color that is similar to that produced by endogenous melanin, and is biocompatible and
biodegradable. One can envision that if melanin is the skin’s major natural pigmentation and
protection system, that a synthetic version mimicking the natural system could augment these
properties, especially if the chemistry could be optimized to increase the response to UV radiation
damage, including reactive oxygen species (ROS), and circumvent concerns with existing products.
Despite the potential promise of bio-inspired mimics as alternative products, such synthetic
analogues have been studied very little for their ability to interact with human skin cells, epidermal
equivalents, and especially intact human skin. Part of this lack of information is likely due to the
fact that well-defined and well-characterized synthetic melanins have only really been developed
in the last decade or so. Additionally, what little work has been done has been explored almost
exclusively on polydopamine (PDA)-based systems, and usually in mice or in cells; not on human
skin.*® Mice are much easier to access for these studies than recently excised, intact human skin,
and there is value to this experimental approach. However, there are ethical issues surrounding the
use of animals for cosmetic testing purposes and many consumers prefer “vegan” alternatives.
Animal studies are required in certain cosmetic markets, such as in China, but they are avoided in

others, such as in Europe and the United States. In addition, the skin of a mouse, although
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appropriate for a variety of preliminary studies, is known to be physiologically and genetically
distinct from that of human skin.'’® 1 Therefore, it is ideal to begin testing in vitro in human cell
lines and 3D tissue mimics, or in human skin, wherever possible.

Bio-inspired mimics of melanin-like materials have been explored a great deal in the last
several years, however they are generally engineered for materials science applications rather than
so-called “cosmetic” or “cosmeceutical” applications along the lines of self-tanning agents and
sunscreens. In addition, a narrow focus almost exclusively on PDA-based systems excludes many
of the different chemical precursors found throughout the melanin biosynthesis pathway in humans,
such as L-DOPA, as well as melanin chemistries found in other organisms. This begs the question
of what these alternative chemistries could achieve when applied to biological systems. Recent
work has attempted to branch away from this adherence to a eumelanin-based, and specifically
PDA-based, approach to develop synthetic analogues of pheomelanin,*” which is found in humans,
birds, insects, and other organisms. Pheomelanin is chemically distinct from eumelanin due to the
incorporation of sulfur, contributed by the addition of cysteine. Although recent attempts at
expanding the chemical diversity of artificial melanins have been exciting and promising, there is
almost a total lack of synthetic efforts and applications of constructs that mimic melanins not found
in humans. This is especially apparent in systems found in plants and fungi, namely allomelanins
and pyomelanins. There are a few recent examples of synthetic allomelanin, which is naturally
formed from naphthalene- and catechol-type monomers, utilized by fungal systems to shield them
from radiation. These fungi have been found in some of the harshest environments imaginable,
such as at the Chernobyl nuclear power plant, and on spacecraft. They thrive in environments with

high radiation levels, giving their melanization process a special interest.® 4% °0 By polymerizing
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the monomer 1,8-dihydroxynaphthalene (1,8-DHN), a new artificial allomelanin was synthesized
as a well-defined nanomaterial with antioxidant capabilities, as described in Chapter 2. To-date,
no well-defined or well-characterized synthetic constructs of pyomelanin have been formulated.
This is likely due in part to the more exotic nature of pyomelanin, found mainly in microorganisms
and plants, and lack of information on the natural system. This is likely also due to the seemingly
soluble nature of pyomelanin, making it vastly structurally different from all other melanins, which
are known to be highly insoluble.

Previously, PDA-based eumelanin nanoparticles have been shown to internalize into adult
human epidermal keratinocytes (HEKa) in monolayer cell culture, with low toxicity, and protect
the cells from UVA irradiation.*” Allomelanin-based nanoparticles were also shown to be
biocompatible in neonatal human epidermal keratinocytes (NHEK) and form the same type of
perinuclear structures found in the natural eumelanin and synthetic PDA melanin systems. They
also showed antioxidant capability and subsequently protected the cells from ROS generated upon
UVA exposure.’? This work paves the way to explore the interaction with both a traditional
eumelanin mimic, PDA, and a more novel fungal melanin mimic, 1,8-DHN-based allomelanin, in
more complex models of human skin.

Human skin is comprised of three main layers- hypodermis, dermis, and epidermis (Figure
5.1, hypodermis not shown). The epidermis is the most superficial layer of the skin, and it is also
the layer that is melanized. The epidermis consists mainly of two types of cells- melanocytes,
which synthesize melanin, and keratinocytes, which utilize melanin and make up the bulk of the
epidermis. Melanocytes reside in the basal layer of the epidermis and their purpose is to synthesize

melanin. After synthesis of melanin is complete, it is transferred to nearby keratinocytes via
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specialized lysosome-related organelles called melanosomes. Each melanocyte has finger-like
projections which reach out to serve approximately 36 basal keratinocytes, but this ratio can differ
depending on a variety of factors.*®® 1’3 The mechanism of this transfer is still debated and not
fully understood, with several theories on how the process occurs. It is thought that melanosome

transfer involves membrane fusion, vesicle transfer, phagocytosis, or cytophagocytosis.*’
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Figure 5.1 The anatomy of human skin. A 4 um section of Caucasian human truncal skin (obtained
from abdominoplasty) stained with hematoxylin and eosin (H&E) is labeled with the layers of the
epidermis (left) and the the epidermis and dermis (right). The dotted line represents the dermal-
epidermal junction (basement membrane).

Regardless of the specific transfer mechanism, it is established that nearby keratinocytes
internalize melanosomes and shuttle them to the perinuclear region, where they are then arranged
in a cap-like fashion.% % These asymmetrical caps reside on the side of the nucleus/cell facing the

outer surface of the skin, in the direction which UV light from the sun penetrates, where they serve

as radiation protection agents (Figure 5.2). Keratinocytes actively internalizing melanin also reside
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in the basal layer of the epidermis alongside melanocytes, and are mitotically active,
undifferentiated cells. However, there are many different layers of keratinocytes in the epidermis,
situated above the basal layer, which exist in varying degrees of differentiation, triggered largely
by a steep calcium gradient.’® These cells possess unique biochemistry and morphology in every
layer, despite the fact that they are all keratinocytes. In fact, the uppermost, terminally
differentiated keratinocytes of the epidermis are termed corneocytes, and have little in common

with basal keratinocytes.

e N

Figure 5.2 Micrograph of highly melanized human epidermis illustrating supranuclear cap
structures, stained using the Fontana-Masson silver stain. Several representative melanin “caps”
are denoted with red arrows. Scale bar 50 um. Adapted and reproduced with permission, 2003
Elsevier.®®

Corneocytes are highly keratinized, fully differentiated, anuclear cells which tightly associate to
form a nearly impenetrable tissue layer called the stratum corneum (SC). Originally likened to a
“brick and mortar” configuration,!” the SC is a continuous, proteinaceous structure composed of

corneocytes containing lipids and tight intercellular connections called corneodesmosomes.*’® The

major purpose of the SC is as a barrier against water loss, and this hydrophobic epidermal layer
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also occludes external agents from the body. It is very good at keeping out nanoscale objects, for
example. 177178

With a basic understanding of skin physiology and the melanization process, an approach
to artificially mimicking the pigmentation process could be envisioned in two ways. First, this
could be achieved by using a synthetic melanin material which can penetrate the SC and enter
individual cells in the same manner as was shown previously in the monolayer cell culture studies.
Second, it could be accomplished by forgoing the penetration of individual cells, or even tissues,
and instead forming a melanized layer of material on the surface of the skin. The obvious drawback
to the first approach is that melanin is formed both endogenously and synthetically as nanoscale
objects on the order of 30 nm to hundreds of nanometers which is generally too large to penetrate
the tightly-layered SC.» "4 17 Nanoparticles have been investigated many times for transdermal
delivery, but in general, they do not penetrate through the full width of the stratum corneum, and
if they do, they generally cannot pass through to the basal layer. In addition, many of the particles
that do manage to penetrate, to any extent, are generally very small (<10 nm), metal-based, and
are more likely to penetrate skin that is somehow compromised by either disease or other methods
of force.*8 181 Transdermal delivery may also not be desirable, and it may be preferable to deliver
a topical therapeutic or active ingredient, especially in the case of a sunscreen, that can act locally
while avoiding systemic circulation. This leads to the second approach, which involves a
mechanistically distinct method for protecting the skin, and instead of relying on protection of the
cells from an intracellular perspective, it seeks to answer whether an outer coating, many microns
above the surface of an active keratinocyte, could provide much of the same protections as the

internalized materials. Indeed, existing mineral sunscreens function in much the same manner,
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although they rely on a mechanistically distinct protection method as they scatter light and are not
generally known to mitigate the ROS response. This then begs the question of whether melanin
mimics, which have previously shown to quench ROS in monolayer cell culture, can confer a
similar chemical interaction to nearby keratinocytes in the absence of cell penetration, and whether
this application results in a tanned appearance that mimics that of naturally melanized skin. We
begin this investigation by probing the effects of treating keratinocytes in vitro, then examining
more complex human skin equivalent cultures, and lastly testing the materials on porcine and
human skin. This study also requires the exploration of various potential vehicles and formulations
for enhancing visually appealing coloration as well as adherence to the skin. To date, these
questions have not yet been answered, and this chapter will attempt to explore routes to this end,

and future directions for this work.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of Melanin-Based Materials

A variety of synthetic melanin nanoparticles were utilized in various aspects of this study,
including eumelanin mimics (polydopamine (PDA) spheres, poly-L-DOPA (P-DOPA) spheres,
and P-DOPA short rods), and a spherical 1,8-DHN-based allomelanin mimic (AMNP). The
synthesis of these materials is described in section 2.4.1 (AMNP), 2.4.2 (PDA spheres) and section
4.2.1 (P-DOPA spheres and rods). All PDA- and AMNP-based melanin mimics described are
spherical in morphology, and the distinction between P-DOPA rods and spheres will be made
wherever necessary, assuming a spherical nature if not specified. Two types of P-DOPA rods were

synthesized- a short aspect ratio, termed short P-DOPA rods or sh. P-DOPA rods, and a longer
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aspect ratio P-DOPA-based rod, termed long P-DOPA rods, or Ig. P-DOPA rods. All AMNP not

specified with a number (i.e. AMNP-1, AMNP-2, or AMNP-3) are assumed to be AMNP-1.
5.2.2 Skin Tanning Applications

Keratinocytes in culture maintain a translucent/colorless to whitish appearance, discernable
by the human eye after centrifugation of a large number of cells to form a visible pellet. However,
upon treatment with artificial melanin particles, the cell cultures take on a darker appearance after
internalization of the material, and the pellet appears dark brown to black in color. We tested the
visual effect of this process by treating monolayer primary neonatal human epidermal keratinocyte
(NHEK) cultures with several concentrations of PDA nanoparticles at two different time points.

Cell which were previously clear in appearance, took on a “tanned” or a slightly brown to black

Concentration (mg/mL)
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Figure 5.3 NHEK “tanning” over time. NHEK were grown on glass coverslips in 24-well plates
and treated with varying concentrations of PDA (top row well plates shown for 24 h condition).
The coverslips were removed and mounted onto microscope slides either after 24 h (middle row)
or 72 h (bottom row). The cells show a tanning effect which increases with concentration but levels
off as high concentrations of material begin to aggregate in the culture and the cells become
saturated with melanin.
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appearance, depending on the concentration of materials used. This showed that a monolayer of
cells could be tanned artificially using synthetic melanins that are recognized in much the same
manner as natural melanins (Figure 5.3). NHEK were seeded on circular, glass coverslips, left to
attach overnight, and then treated with PDA for either 24 or 72 hours. They were then washed with
Dulbecco’s phosphate buffered saline (DPBS) three times and then mounted onto microscope
slides using a hardening mounting medium. The control was treated with the vehicle, which was a
negligible amount of water (~2 uL, or ~0.4% v/v). Photographs of the slides reveal tan/brown cells
with shades found in naturally melanized skin. The visual effect of this artificial melanization
process increases with concentration but levels off starting around 0.08 mg/mL, whereby an
increase in material results in little to no additional increase in tanning color. This is likely due to
the cells reaching their maximal melanin uptake coupled with the buildup of material in the
medium which aggregates over time if it is not internalized.

t=0 ; t=4h t=8h

t=12h t=16h t=24h

Scale bars = 50 pm

Figure 5.4 NHEK growth monitored over 24 h. NHEK were monitored for 24 hours as a control
for P-DOPA-treated cells, imaging once every 30 minutes, in a humidity-controlled microscope
chamber at 37 °C. Bright-field images show colorless cells which proliferate but do not darken
over time.
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As confirmed by confocal microscopy, concentrations of melanin above 0.08 mg/mL confer no
advantage, instead leading to very dark cultures which are difficult to image. This process was
monitored microscopically in a parallel experiment by incubating NHEK with P-DOPA particles
for 24 hours in a humidity-controlled imaging chamber maintained at 37 °C, and the cells imaged
every 30 minutes. The control experiment, vehicle (water)-treated cells, showed growth and
proliferation of NHEK over time, but no darkening was observed (Figure 5.4). When the cells
were incubated with 0.02 mg/mL P-DOPA, diffuse black melanin material inside the cells was
first observable after 4 h, with perinuclear caps forming as early as 8 h, and continued growth of
the caps even up until the last time point at 24 h (Figure 5.5). These results led us to explore how
different types of synthetic melanin could induce coloration, and how that could be observed in

more complex epidermal constructs.
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Figure 5.5 Uptake of P-DOPA in NHEK monitored over 24 h. NHEK were treated with P-DOPA
particles in water at 0.02 mg/mL, and monitored for 24 hours, imaging once every 30 minutes, in
a humidity-controlled microscope chamber at 37 °C. Bright-field images show colorless cells
which become darker over time as they uptake melanin.
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One way to achieve this is by forming a synthetic epidermis referred to as a Human Epidermal
Equivalent (HEE) or Reconstituted Human Epidermis (RHE) (Figure 5.6). This engineered tissue
is created by seeding NHEK to confluence in the upper chamber of a transwell system with inserts
containing 0.4 um pores. After two days, the cultures are “lifted” to the air/liquid interface by
removing media from the upper chamber where they continue to proliferate and stratify for up to

12 days.

Epidermis [ - =

Figure 5.6 Human Epidermal Equivalent (HEE) with H&E stain, labeled with the appropriate
layers of the epidermis. The clear layer below the epidermis is the plastic insert upon which the
cultures are grown/maintained.
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This process produces tissue which contains all the layers of a fully formed epidermis and can be
used similarly to intact human skin. The advantage of this approach is that the cultures can be
grown without the use of collagen plugs or fibroblasts, both animal-derived components which
may not be desirable, and both which necessitate an additional step in the formation process and
require the culture of multiple cell lines. Additionally, the cultures need not be “lifted” to the air
interface, as is the case for other 3D culture methods, and can be fixed and sectioned with little
disturbance. However, the resulting cultures are much thinner than traditional collagen-based
cultures, and proper mounting of culture sections is non-trivial.

HEE were treated with suspensions of four different melanin mimics in PBS: PDA, PDA/P-

DOPA, P-DOPA, or short P-DOPA rods. This led to highly pigmented cultures, and in some cases
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the tissue maintained a very dark appearance even after rinsing thoroughly with PBS, with this

effect most apparent in the PDA/P-DOPA and P-DOPA treatments (Figure 5.7).
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Figure 5.7 Human Epidermal Equivalent (HEE) cultures treated with 2.5 mg melanin NPs in PBS
for 24 hours. (a) Images show the tissues before (top well plate) and after (bottom well plate)
washing 3x with PBS. Tissues were treated with no SDS or 0.2% SDS in PBS (which was
immediately removed after application), prior to NP treatment. (b) H&E stained 4 um sections of
HEE treated with spherical P-DOPA NPs (top) or no treatment (bottom) and without SDS.

To enhance penetration/adhesion of the particles, 0.2% sodium dodecy! sulfate (SDS), an anionic
detergent capable of disrupting the epidermal barrier, was applied briefly to the culture surface and
then immediately wiped off before applying melanin particles. The addition of SDS increased
pigmentation in the tissue treated with P-DOPA, and especially P-DOPA rods. The overall effect
was that PDA showed little adherence after rinsing, in either treatment, P-DOPA short rod and
PDA/P-DOPA coverage was patchy and sparse without the addition of SDS, and the pure P-DOPA
resulted in highly pigmented tissue (Figure 5.7a). To assess whether the particles were penetrating
the tissue or remaining on the surface of the stratum corneum (SC), the cultures were fixed with

10% neutral buffered formalin, paraffin embedded, sectioned to 4 um thick, and stained with H&E.
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A comparison between the control and the spherical P-DOPA, which had the thickest visible
coating, is shown in Figure 5.7b. These micrographs indicate that the melanin material sits atop
the SC as a thick layer, and there was no evidence of penetration through the SC. The results were
the same with all particles tested, and in all conditions. This pointed to a possible difference in
monomer chemistry affecting the adherence of the particles, but as a whole the SC proved to be a
formidable barrier to entry for all the materials tested. The amount of adherence, however, was
promising, and therefore subsequent studies sought to determine whether this system would
translate to more complex tissues, namely intact skin.

Pig skin was purchased from the local butcher shop for screening the materials to determine
translation of the results obtained with HEE. Pig skin is physiologically similar to human skin and
is easy to obtain, therefore serving as an ideal substrate for screening purposes.t® It was cut into
squares and sprayed with PDA particles using several vehicles- 5% or 10% diluted “ceramide
complex” in water, containing ceramides, cholesterol, and fatty acids to mimic the natural
environment of the epidermal barrier (Lotioncrafter.com), Milli-Q water, 25% aqueous EtOH, or
50% aqueous EtOH (Figures 5.8-5.10). EtOH is not an ideal vehicle for application over large
areas of skin due to its drying and potentially irritating nature, however it is used safely in common
applications such as hand sanitizers and was chosen as a non-toxic organic solvent that would
evaporate quickly. Adherence of the material was similar with each vehicle, with a slight
enhancement in the ceramide conditions, and increasing concentration leading to a modest increase
in coloration. The appearance was patchy, with suboptimal cosmetic coloration, and the particles
were easily rubbed off with filter paper or a gloved hand. The observed difference between the

adherence in intact skin and the HEE could be attributed to an underdeveloped SC in the HEE
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which also may contain a slightly different chemical composition than that of the skin. Additional
commercial vehicles were also considered to enhance spreading and adherence to the skin. (With
human skin in short supply, porcine skin was used for subsequent applications, however, when
available, human skin was used for additional studies, and is discussed in more detail in section

5.2.4 in the context of UV protection.)

5% 10% 25% 50%
Concentration Ceramide Ceramide Water EtOH EtOH
(mgImL) - . . . -

Figure 5.8 Pigskin sprayed with PDA suspended in 5% or 10% ceramide solution, water, 25%
EtOH in water, or 50% EtOH in water.

5% 10% 25% 50%
Concentration Ceramide Ceramide Water EtOH EtOH
(mgImL) . - - - -

Figure 5.9 Pigskin sprayed with P-DOPA suspended in 5% or 10% ceramide solution, water, 25%
EtOH in water, or 50% EtOH in water.
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5% 10% 25% 50%
Concentration Ceramide Ceramide Water EtOH EtOH
(mg/mL)

0.5

Figure 5.10 Pigskin sprayed with P-DOPA short rods suspended in 5% or 10% ceramide solution,
water, 25% EtOH in water, or 50% EtOH in water.

Commercial skin and hair products were purchased to serve as a screening tool for the
incorporation of PDA into various vehicles to test whether known formulations could mix well
with the particles and increase spreading and adherence to the skin. Aloe vera gel, four different
sunscreens, a hair mousse, and water were tested (Figure 5.11). These commercial products were
chosen to represent a range of formulation types in typical skin and hair applications. Aloe vera
gel is a watery, sticky gel with a translucent appearance. Two chemical sunscreens were chosen,
the Neutrogena® being thicker and more “greasy” feeling, and the CeraVe® being lighter and
thinner. The Alba Botanica® mineral sunscreen is extremely thick and contains ZnO and TiO;
actives. The Tresemme® mousse is a light foam which is very thin and hydrophobic, drying to a
sticky finish. Water is of course the natural storage solvent for these materials, and it serves as a
good control against more hydrophobic formulations. The color of each formulation varied
drastically with the type of vehicle it was mixed with, even at the same concentration. This points
to the importance of the final formulation on the cosmetic effects, since even a single material can

look different under different conditions. White vehicles produced a more gray color, whereas
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Figure 5.11 Screening of commercial products as vehicles for PDA-based melanin nanoparticles.
From left to right, aloe vera gel, Neutrogena® chemical sunscreen, Alba Botanica® mineral
sunscreen, CeraVe® chemical sunscreen, Tresemme® hair mousse, Neutrogena® spray sunscreen,
and water.

translucent vehicles produced a more brown, warmer color. Each sample was applied to pigskin
by rubbing a small amount onto the surface using a pipette tip (Figure 5.12). While the materials
maintained strong coloration upon initial application of a thick layer, subsequent rubbing of the
skin with filter paper showed a lack of adherence, with patchy, uneven coverage. Although it

remains unconfirmed whether there remained enough material residue on the skin surface to be

useful as a sunscreen, the cosmetic outcome was not favorable. More adhesion experiments are
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Figure 5.12 Application of PDA nanoparticles in various commercial hair and skin products
(Figure 5.11) applied onto pigskin.

discussed in section 5.2.4. Due to the poor surface adherence of the materials, an alternative, proof-
of-concept application method was investigated. Dopamine HCI (DA) was mixed with a soap
solution to induce in situ polymerization of the monomer in a submerged skin section (Figure 5.13).
Pigskin was cut into squares and placed into the wells of a 24-well culture plate. They were
submerged in a solution of DA in Milli-Q water with or without the addition of a basic soap
(Sparkleen laboratory detergent, Fisher Scientific) (~ pH 8.5). Soap was chosen as a catalyst for
the reaction because it is a common household item that does not generally cause skin irritation,

and it is possible to envision a “wash-off” self-tanning product which can be used while bathing.
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The well plate was placed into a typical cell culture incubator at 37°C and left to polymerize,
checking the tissue every hour. Skin sections were removed, blotted dry with a clean filter paper,
and placed on a white paper sheet for photographing. DA in the absence of soap produced a dark
colored tissue which increased in color with the addition of soap.

0.2% DA  1.0% DA 10% DA Controls

’ - ql' Water
. . - ony”
10% ]
Soap

Only
Figure 5.13 Pigskin treated for 3 h with PDA using in situ polymerization of dopamine HCl in a

10%
‘ . Soap
-~ Only
soap solution.

0.2%
Soap

1.0%
Soap

As little as 0.2% soap produced a very dark color, which increased with increasing concentration.
Neither the water-only or soap-only conditions produced a color change. Although this drastic,
visible color change is on a timescale which does not reflect that of a useful household product,
nor is the extreme difference before and after application a cosmetically desirable outcome, it is
nevertheless a valid proof-of-concept that an in situ polymerization approach may be beneficial
with additional optimization. This experiment was repeated using human skin explants to verify
the results and surprisingly the outcome was very different (Figure 5.14). The human skin was
soaked in the same manner as the pigskin, with 10% soap, 10% DA, or 10% of a mixture of both,
and placed in the cell incubator at 37 °C for 2 or 3 h. The color change was much lighter than
expected, with an even, subtle tanning achieved at 3 h using DA only, and a darker, more gray

color with the addition of soap.
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Figure 5.14 Human skin treated for 2-3 h with PDA using in situ polymerization of dopamine HCI
in a soap solution.

Further studies are needed to optimize the conditions necessary for a subtle, warm-toned color
(less gray), and much faster reaction time. However, upon optimization, it is feasible that this
system could generate a new method for approaching artificial tanning by applying chemistry not
currently used in commercial products. What follows then is a question of whether a solution of
DA is safe for application onto human skin. Currently, a clinical trial, pending IRB approval, for
the testing of these materials on human subjects is forthcoming, and experiments will soon reveal
whether irritation of the skin follows from the application of DA, PDA, and other artificial

melanins.
5.2.3 3D Human Skin Equivalents (HSE) for UV-Protection

We explored a slightly more complex Human Skin Equivalent (HSE) 3D culture model for
assessing whether melanin mimics could protect the tissue from UVA radiation. In this model,
keratinocytes are seeded onto mouse fibroblast-seeded collagen plugs, where they fully
differentiate into epidermal equivalents, resulting in thicker cultures which are easier to section.8
J23T3 fibroblasts were mixed with a collagen solution and left to polymerize into a plug. After 48
h, NHEK were seeded to confluence and the media changed 24 h later. Another 24 h later, the

cultures were “lifted” to the air interface by transferring them onto gridded dishes. After 9-10 days
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of incubation at 37 °C, the cultures were fully differentiated. They were then treated with 150 uL
of 1.0 mg/mL AMNP-1 melanin nanoparticles in water. The suspension was left on the tissue for
1 h and then the tissue was irradiated with a 365 nm UV lamp for 50 minutes to provide a dose of
13.5 J/cm? (irradiance= 4.5 mW/cm?). The tissues were immediately fixed in 10% neutral buffered
formalin. They were then paraffin-embedded, sectioned, and stained with phospho-histone H2AX
(Ser139) rabbit monoclonal primary antibody followed by Alexa Fluor 647-conjugated 1gG
secondary antibody staining and DAPI to stain the nucleus. Phosphorylation of histone H2AX
(pH2AX) is a rapid response to radiation and other causes of DNA damage resulting from double
strand DNA breaks, and is a common marker used to assess DNA damage. AMNP-1-treated and
vehicle-treated control (VTC) cultures were exposed to UV or no UV and then the pH2AX signal

quantified using ImageJ (Figure 5.15).
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Figure 5.15 Staining and quantification of DNA damage in AMNP-1-treated 3D HSE cultures
after UV irradiation based on phosphorylated H2AX signal. (a) Fluorescence micrographs of
cultures with and without UV and with and without 0.15 mg AMNP-1 treatment. The stratum
corneum is oriented above the tissue. (b) Average integrated density (product of area and mean
gray value) of pH2AX signal.
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Fluorescence micrographs, with DAPI-stained nuclei (blue) and pH2AX signal (magenta), show
that there is a much higher pH2AX signal in the UV-irradiated control, and all other experimental
conditions have low pH2AX signal (Figure 5.15a). For quantification measurements, single-
channel pH2AX images (magenta) were thresholded and then the region of interest (ROI) selection
was applied to non-thresholded images. The product of the area and the mean gray value
(integrated density) of the pH2AX signal was averaged over the number of images (approximately
20 for each condition), and the values plotted for each experimental condition (Figure 5.15b). The
results indicate that AMNP-1 are effective at protecting HSEs from UV-induced DNA damage.
However, the expected result is that an overwhelming amount of the DNA double strand breaks
occur in the nuclei, not the cytoplasm, therefore there should be colocalization of the DAPI and
pH2AX signals. This is not the case in this experiment, as shown in the representative images in
Figure 5.15a which show pH2AX signal throughout the cell cytoplasm. This pattern was also
consistent for all other images acquired during the experiment. The pH2AX is punctate, as
expected, but the location of the signal is unexpected. Therefore, this more investigation is needed
to determine the reasoning behind this staining pattern, perhaps whether mitochondrial DNA plays
a role or not, and if these results can be reasonably interpreted to imply that AMNP-1 can indeed

protect HSE from DNA damage caused by UV radiation.
5.2.4 Human Skin Explant Studies for UV-Protection

Preliminary experiments with 3D cultures appeared promising, but the results were
ultimately inconclusive. Therefore, additional UV irradiation studies were performed to assess the
protective properties of topically applied melanin nanoparticles on intact human skin. Skin was

obtained from the Skin Tissue Engineering and Morphology Core of the Feinberg School of
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Medicine directly from an abdominoplasty patient at Northwestern Memorial Hospital and
processed the same day. Skin was processed in the workflow illustrate in Figure 5.16. A 12 mm
disposable biopsy punch was used to cut and mark circular punches from the skin, which were

then released from the underlying fat using a pair of scissors.

. Clean and
.~ plate punches
——-

Perform
experiment,

fix punches

555

Vil o Paraffin
S~ Staining embedding
—f— ~f—

Image and Process
Data

Figure 5.16 Workflow of human skin explant processing. The skin is obtained, punched, and
cleaned before the experiment. Following the experiment, it is fixed, embedded in paraffin,
mounted onto slides, stained, imaged, and the images quantified.

The punches were cleaned by dipping them quickly in diluted Betadine iodine solution in
phosphate buffered saline (PBS) to sanitize the skin. Clean punches were then plated onto a metal
grid placed on a plastic culture dish containing media. After experimental treatment, the punches
were either placed into an incubator at 37 °C or processed immediately. The skin was bisected
using a clean razor blade and placed into a tissue cassette and fixed in 10% neutral buffered

formalin. The fixed tissue was embedded in paraffin, sectioned to 4 um thick, and mounted on

slides. The slides were stained for markers of interest before imaging.
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To assess adhesion and penetration of the materials onto the skin prior to UV irradiation studies,
skin punches were first tape-stripped, or not, and then treated with or without melanin in an

Aquaphor® vehicle, which is a petroleum-based jelly (Figure 5.17).

Vehicle Small PDA Large PDA PDA/P-DOPA
No T/S TS No T/S TIS No T/S T/S No T/S TIS
sh. P-DOPA rod lg. P-DOPA rod AMNP-1

No T/S TIS No T/S T/S No T/S TIS

Figure 5.17 Screening melanin library for adhesion to human skin. Skin punches were plated on
gridded dished containing cell media. A mixture of 25 ug of melanin nanoparticles in 20 uL of
Aquaphor® was applied to the surface of the skin and the treated punches left to incubate at 37°C

for 72 h, covered in Parafilm®. The Parafilm® and melanin mixture was peeled off before
photographing. Small PDA T/S is missing due to a fungal infection. T/S = tape-stripped.

Tape-stripping is an exfoliation technique whereby a generic clear tape is used to remove loosely
associated corneocytes from the stratum corneum. This was performed by adhering the tape to the
dry skin and then removing, and it was performed 10 times for each tape-stripped skin punch, with
the objective of providing a more advantageous surface for material adhesion. A mixture of 25 pg
of melanin nanoparticles in 20 uL of Aquaphor® was applied to the surface of the skin and the
treated punches left to incubate at 37°C for 72 h, covered in Parafilm®. The Parafilm® and melanin
mixture was peeled off before photographing. Very little adhesion was observed on the surface of
the skin, however the sections were fixed, embedded, sectioned, and stained for microscopic

analysis.
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Figure 5.18 H&E stained tissue sections with or without melanin treatment, and with or without
tape-stripping. Particles aggregate on the surface of the skin, visible as brown spots, indicated by
black arrows. Scale bars 25 pm.

Tissue sections were stained with hematoxylin and eosin (H&E), which is a common histologic
staining technique employed to visualize tissue substructures. Hematoxylin is a basophilic dye that
stains basic structures such as nuclei blue, and eosin, an acidophilic dye that stains acidic
components such as the extracellular matrix (ECM), cytoplasm, and stratum corneum pink. Light

micrographs show that melanin-treated skin contains a thin, uneven layer of aggregated

nanoparticle material on the surface of the stratum corneum, visible as a collection of small, brown
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Vehicle PDA P-DOPA P-DOPA short rods AMNP-1
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Figure 5.19 Human skin explant punches treated with four different melanins at 2 mg/mL in
water, CeraVe,® or a ceramide solution. DS= P-DOPA sphere, A= AMNP-1, DR= P-DOPA
short rod, and PDA= polydopamine.

spots (Figure 5.18). From these images, there is no evidence of penetration into underlying tissue
layers. It cannot be ruled out completely that individual particles may have penetrated at least one
layer of corneocytes, but it is not likely. Penetration of a healthy, intact stratum corneum with an
organic nanomaterial of this size is not expected given the size of the particles (~200 nm) and the
largely impenetrable nature of the stratum corneum. Due to the poor adhesion of these particles
using Aquaphor®, we tested several different, alternative vehicles, including CeraVe® (a light
lotion), water, and the same “ceramide complex” (ceramides) used for the pigskin screening in
section 5.2.2 (Figure 5.19). Several different melanin particles were suspended at 2 mg/mL in one
of the three vehicles and then applied to the explants before exposing them to UV radiation. Both
water and ceramides have very low viscosity and were sprayed on the skin using an airbrush device.
CeraVe® was too thick to be sprayed on, so it was applied by spreading on with a pipette tip.
CeraVe® produced the most pronounced visual effect on the color of the skin, offering the thickest,

most even coating of melanin material, and was therefore chosen for further analysis. Explants

were subjected to 13.5 J/cm? (irradiance= 4.5 mW/cm?) of 365 nm light and fixed immediately.
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Figure 5.20 Expression of cleaved caspase-3 (CC3) following a 13.5 J/cm? dose of 365 nm UV
irradiation in human skin explants treated with melanin. (a) Schematic of experimental workflow
showing a representative photograph of a skin punch treated with AMNP-1. (b) Percentage of CC3
positive cells from melanin- or vehicle-treated skin punches, with or without exposure to UV
radiation. (c,d) Fluorescent micrographs of 4 um thick tissue sections, immunostained for CC3
(magenta), and the nuclei stained with DAPI (blue), following treatment with the vehicle (c) or
AMNP-1 (d) prior to UV exposure. Dermal-epidermal junction demarcated with a dotted yellow
line.

The tissue was embedded in paraffin, sectioned, and then immunostained for cleaved caspase-3
(CC3), a marker of apoptosis. The images were analyzed using ImageJ by counting the number of
CC3 positive cells in the basal layer of the epidermis (stratum basale), which contains the most
active cell population, as a percentage of total cells in the stratum basale (Figure 5.20). Nuclel
were stained with DAPI and the images as a reference point to determine the CC3 signal from each
cell. Hand counting each cell is the most laborious method for quantifying CC3 expression, but it

is the most accurate. The results reveal that all melanin materials were effective at suppressing
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CC3 expression after UV radiation, as compared to the vehicle-treated control (VTC). The VTC
contained approximately 4% CC3 positive cells prior to irradiation, and 29% positive CC3 cells
after irradiation. By contrast, even the worst performing melanin (AMNP-3) only saw an 11%
positive signal, and it was only 1% higher than the pre-irradiation treatment, which indicated that
some amount of damage to the skin was conferred by the particles alone, but the signal was still
low enough that it may be statistically insignificant, pending biological repeats. All other melanin
particles saw a minimal increase in CC3 expression after irradiation, demonstrating their
effectiveness as UV radiation protection agents.

To streamline the process of image analysis, we attempted to automate the counting of
positive keratinocytes in the stratum basale using MATLAB. Fluorescence images from stained
tissue sections were analyzed by using a series of transformations to locate and isolate the CC3
signal overlapping with the stratum basale in a several step sequence (Figure 5.21). First, montage
images of the DAPI and CC3 channels were converted to 8-bit grayscale images and cropped to
appropriate dimensions (Figure 5.21-1). Next, intensity distribution of the DAPI channel was
binarized by setting all pixel values 1> 1 as 1, and | =0 as 0 (Figure 5.21-2). The resulting binarized
map reveals the global signal distribution from the epidermis across the map. To segment the
epidermis from the entire map, the global signal map was further thresholded using the “Otsu”
method and the connected components within the largest area (epidermis) were extracted (Figure
5.21-3). This resulted in a binary map of the isolated epidermis. To identify the stratum basale, the
basal layer boundary was traced along this binary map (Figure 5.21-4), and then it was segmented
from the rest of the epidermis (Figure 5.21-5). To avoid strict conditions to identify the positive

skin cells based solely on 1-pixel lateral margins within the stratum basale, this segmented layer
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Automated Cell Counting using MATLAB

Figure 5.21 Workflow of MATLAB tissue analysis in 9 steps. (1) Cropped grayscale image. (2)
Binarization. (3) Segmentation of the epidermis. (4) Tracing of the stratum basale. (5)
Segmentation of the stratum basale. (6) Dilation of the stratum basale. (7) Subtraction of DAPI
channel from CC3 channel. (8) Segmentation of the CC3 channel intensity. (9) Overlay of the
segmented CC3 signal with the dilated stratum basale.

was dilated by 15 pixels laterally (Figure 5.21-6). To identify positive skin cells in the stratum
basale, the overall intensity distribution of the DAPI channel was subtracted from the intensity
distribution of the CC3 channel (Figure 5.21-7). The subtracted intensity distribution of the CC3
channel was binarized by “Otsu” thresholding, and further noise from the thresholded image was
removed by morphological operations. This results in a binarized map containing only the CC3
positive signal (Figure 5.21-8). This binarized map was then overlaid onto the map of the dilated

stratum basale to identify positive cells (Figure 5.21-9). By extracting the overlapping intensity

distribution, we quantified the ratio of positivity. Next, a blinded sample data set was obtained
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from Prof. Bethany Perez-White in the dermatology department at Northwestern Feinberg School
of Medicine containing a series of skin sections stained for CC3 following UV irradiation by a UV
lamp (LAMP) or a UV delivery device designed to limit exposure (MN). This data was obtained
manually by counting cells with positive staining for CC3. The raw data from this sample set was
then processed using our MATLAB sequence to verify if the counting process could accurately
predict results matched to results obtained by hand counting (Figure 5.22). Results were promising,
indicating that the automated process using MATLAB produces data with similar trends to those

seen in the hand-counted data, however the larger error prevented statistical significance.
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Figure 5.22 Comparison of manual counting vs MATLAB automated counting for cleaved
caspase-3 (CC3) data acquisition. (a) Results from manual counting for CC3 positivity in human
skin tissue following direct exposure to a UVA lamp (LAMP) or a UV delivery device designed
to limit toxic exposure (MN). Statistics were performed using one-way ANOVA followed by
Dunnett’s multiple comparisons post-test. **, P<0.0056. (b) Results from MATLAB-based data
acquisition. Manual counting data courtesy of Bethany Perez-White.

It is possible that one or more parameters can be altered to decrease the error associated with this
analysis. For example, increasing the pixel size of the stratum basale dilation may increase the
signal, but it may also introduce additional error from non-specific staining. Therefore, it is

essential to use images with good signal to noise ratios and little background signal. These results
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suggest that further optimization is needed for this analysis to be widely applicable, but there is
potential for a user friendly method for counting basal epidermal cells that could be accessible to

many researchers, pending further optimization.
5.2.5 In Vivo Testing of Antioxidant Properties of Melanin

In parallel studies to the development of melanin applications for human skin, there is also
a clinical path to the utilization of melanin and other melanin-like materials for skin protection
after burns and high energy radiation. We anticipate that these studies form an early, preclinical
path toward an FDA route for translation, which necessitates the use of animal testing. In
collaboration with Kurt Lu and his colleagues at the Northwestern Feinberg School of Medicine
Department of Dermatology, key preliminary studies using mouse models of radiation burns and
chemical injury point to a potentially promising future for melanin-based materials as treatments
for skin injury.

Based on the photoprotective and ROS quenching properties of melanin in the skin, we
hypothesized that PDA-based eumelanin mimics could also ameliorate the inflammatory response
after chemical skin injury. We utilized a mouse nitrogen mustard (NM)-induced injury model.
NM is a vesicating agent closely related to sulfur mustard, an infamous WW!I chemical weapon.
Exposure to NM leads to irreversible DNA alkylation followed by cell death in affected tissues,
and is characterized by blistering, inflammation and edema. Despite extensive research, currently
there is no effective treatment for victims of alkylating-chemical attacks.

C57BL/6J female mice were subjected to NM and treated with PDA NPs two hours after
injury induction, and then 24 and 48 hours later (Figure 23). In general, treatment with NM lead

to significant skin injury, as was evidenced by skin swelling, necrosis and development of a
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Figure 5.23 Treatment with PDA NP improves skin wound healing after NM-induced injury. (a)
Representative wound images. (b) Reduced wound area. (c) Increase in bi-fold skin thickness after
NM exposure. (d) Weight change after NM exposure (n=11-12, * p<0.05; *** p<0.001). Data

courtesy of Kurt Lu, Dauren Biyashev, and Venus Onay.

hemorrhagic crust (Figure 5.23a). Wound area measurements were used to quantify skin healing.

Compared to the vehicle treated group, treatment with PDA NPs resulted in significant reduction

of initial wound area at days 2 and 3 post injury (Figure 5.23b). The effect of Porous NPs* was

delayed at day 2, but reached statistical significance at day 3. PDA NPs also appeared to decrease

skin swelling and counteract the weight loss following NM (Figure 5.23c,d), though the data were

not statistically significant.
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Figure 5.24 Treatment with PDA NP improves skin wound healing after UV-induced injury. (a)
Representative wound images. (b) Increase in bi-fold skin thickness after NM exposure; (n=4-5, *
p<0.05; ** p<0.005; *** p<0.0005). Data courtesy of Kurt Lu, Dauren Biyashev, and VVenus Onay.

To confirm that the observed effect was not due to the potential adsorption of residual NM, we
utilized UV-induced injury model in which animals were treated with PDA NPs after exposure to
100 mJ/cm? UV radiation (Figure 24). This dose of UV is sufficient to induce a significant sunburn
(Figure 5.25a). Similarly, the PDA NP-treated animals showed significantly decreased
inflammatory response as evidenced by the bi-fold skin thickness measurements at days 1-4 post
injury (Figure 5.24b).

These promising, initial NM and UV studies led us to consider the possible mechanisms of
melanin protection. Transcription factor Nrf2 (NF-E2 p45-related factor 2) is a key element that
coordinates stress-inducible activation of an array of cytoprotective genes. It regulates the
expression of phase | and phase Il detoxifying enzymes, heme metabolism and components of
glutathione and thioredoxin antioxidant systems. Therefore, NRF2 is a crucial element of the
oxidative stress defense, and is itself regulated by reactive oxygen species (ROS). We
hypothesized that topical PDA NP treatment regulates NRF2 activity and expression levels of its

downstream targets. In preliminary experiments we found that in NM-treated animals, a single
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application of PDA NPs downregulated expression of several oxidative stress-induced genes, such
as Hmol, Nqol, Idhl, and Gsrl. Though only in the case of Gsrl the data reached the level of
significance (n>4 mice per group, p<0.05), all of them show a clear trend. In addition, in NM-
injured skin, PDA NPs also downregulated the p53 pathway, which is known to be activated by
ROS.

Overall, this promising preliminary data suggest that the anti-inflammatory effects of PDA
NPs can be attributed to the reduction of overall ROS burden and demonstrate that topical

application of PDA NPs post injury improves skin wound healing and has therapeutic potential.

5.3 Conclusion

Through the use of epidermal models of varying complexity, including monolayer cell
culture, 3D cultures, pig skin, human skin, and mice, we tested a variety of artificial melanins as
tanning agents, and for their use in protection against radiation and toxin insult. Synthetic melanins
are internalized in much the same manner as endogenous melanin, where they form perinuclear
caps. This can be monitored over time, evident as a darkening of the cell cultures, which leads to
a tanned appearance. Although the materials are readily taken up by monolayer, undifferentiated
keratinocytes, they do not penetrate more elaborate, differentiated structures such as 3D human
epidermal equivalents or skin equivalents. Rather, they sit on top of the tissue as a layer of brown
material. This treatment results in a significant darkening of 3D model tissues, but does not
translate when tested on pig skin. The coloration is light, and the coverage patchy. To improve the
visual appearance and adherence, a vehicle screen was performed, using several commercial skin
and hair products, which provide vastly different color tones depending on the vehicle used. To

achieve an even color, in situ polymerization of dopamine was also performed, and showed that a
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significant darkening could be achieved in pig skin, which was more subtle, albeit more natural
looking, in human skin.

To assess the protection aspects of our synthetic melanins, we quantified the amount of
DNA damage in 3D human skin equivalents after UVA irradiation. These results seemed
promising, but more studies and biomarkers will need to be tested in the future. Intact human skin
was then investigated by applying several different melanin materials in a light lotion, which
provided even, thick coverage on the skin. The skin was irradiated with UVA light, and then a
marker of apoptosis, cleaved caspase-3 (CC3), was quantified to determine the amount of
protection afforded by our materials. The results indicated a large increase in the CC3 signal for
vehicle-treated, irradiated skin, but not the non-irradiated control, or any of the melanin-treated
skin samples, confirming that synthetic melanin can protect intact, human skin from UV irradiation.
Lastly, we tested the effects of melanin for mitigating skin damage following nitrogen mustard
(NM) and UV exposure in mice. Melanin treatment resulted in significant reduction of initial
wound area at days 2 and 3 post injury and appeared to decrease skin swelling and counteract the
weight loss following NM. Melanin treatment after UV injury also provided a significantly
decreased inflammatory response as evidenced by the bi-fold skin thickness measurements post-
injury.

Altogether, these results point to melanin as a promising, biocompatible material for
preventing UV damage, for the treatment of skin injury following UV or NM exposure, and as a
possible cosmetic for artificial tanning. Future studies will repeat these experiments, and
thoroughly investigate the mechanisms by which different synthetic melanins can both prevent

and treat skin injury, and improve upon formulations which retain optimal skin adherence and
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spreading. By mimicking a natural material which is already used by nature to protect a wide
variety of organisms, we hope to add additional function, and to apply these synthetic melanin

analogues to human systems.
5.4 Experimental Details

Uptake of melanin in NHEK over time was obtained using a BioTek Lionheart FX
automated microscope with 20x objective. For human skin experiments, H&E tissue sections were
imaged on a Zeiss Axioplan 2 microscope system (Carl Zeiss). AxioVision software (Carl Zeiss,
Germany) was used to acquire and analyze the images. Immunofluorescence images were acquired
using a Zeiss Axiolmager Z.1 microscope with ApoTome and a high resolution AxioCam MRm
digital camera (Carl Zeiss, Germany). Image analysis was performed with Zeiss AxioVision
software. UV irradiation studies were performed using a handheld UVP (now Analytik Jena US)

UVL-26 EL Series 6 watt, 365 nm UV lamp.
5.4.1 Monolayer Cell Culture

Primary neonatal epidermal keratinocyte (NHEK) cells were isolated from freshly excised
neonatal foreskins and gifted by the Perez-White lab at Northwestern Feinberg School of Medicine.
Tissue was collected under a protocol approved by the Northwestern University Institutional
Review Board (IRB# STU00009443). Patients' consent for neonatal foreskin tissue (for primary
keratinocyte isolation) were not required as these tissues are de-identified and considered
discarded material per IRB policy. To isolate the cells, the tissue was treated overnight with dispase
and then incubated with 0.25% trypsin with 1 mM EDTA for 10 min at 37 °C. The trypsin was

neutralized with fetal bovine serum (FBS), the cells suspended in phosphate buffered saline (PBS),
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filtered through a 40 um sieve, and then centrifuged at 1,000 rpm for 5 minutes. The cell pellets
were resuspended in, and subsequently maintained in, M154 medium supplemented with human

keratinocyte growth supplement (HKGS), 10 ug/mL gentamicin, 0.25 pg/mL amphotericin B, and

0.07 mM CaCly, and maintained at 37 °C with 5% CO..
5.4.2 3D Cultures (HEE and HSE)

Human Epidermal Equivalents (HEE). HEE were formed by the following set of steps
developed in the laboratory of Bethany Perez-White at Northwestern Feinberg School of Medicine
Department of Dermatology: 1.) Culture primary epidermal keratinocytes in CnT-Prime Epithelial
Culture Medium (CnT-PR, CELLNTEC, Bern, Switzerland) 2.) Day -3: Plate 3.6e5 keratinocytes
in 500 uL CnT-PR in the upper chamber of a 12-well polyester transwell culture dish with pore
membrane size 0.4 um (3460, Corning Life Sciences, Glendale, Arizona, USA). Add 1 mL CnT-
PR to the lower chamber. 3.) Day -2: Change media in the upper chamber, 500 uL CnT-PR 4.)
Day -1, late in the day: Change media in the upper (500 pL) and lower (1 mL) chambers with CnT-
Prime 3D Barrier Media for 3D Epidermal Models (CnT-PR-3D, CELLNTEC). 5.) Day 0, early in
the day: Culture cells at the air-liquid interface by removing media from the upper and lower
chambers, then adding 300 pL CnT-PR-3D to the upper chamber only. 6.) Days 1- 10: Change
media every day, 300 pL in the bottom chamber only. 7.) Day 11: Treat with NP. 8.) Harvest
sample by fixing in 10% neutral-buffered formalin.

Human Skin Equivalents (HSE). 3D epidermal equivalents (organotypic rafts) were
prepared according to an established protocol, section 4.2 entitled, “3D Organotypic Raft Culture
Protocol.”*® J23T3 mouse fibroblasts were trypsinized using 0.05% trypsin/AmM EDTA and

inactivated with serum-containing media. Cells were counted to ensure 400,000 cells per culture.
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They were resuspended in reconstitution buffer and diluted in DMEM. Collagen (rat tail collagen,
Type I, Corning, cat. #354249) was added to a final concentration of 4 mg/mL and diluted in water
as needed (depending on the amount of cells used). The mixture was pH adjusted using 0.5 M
NaOH until reaching the color of a “watermelon Jolly Rancher.” The mixture was pipetted onto
the top chamber of a transwell (Corning cat. #355467) with 3 um pore size insert (Corning, cat.
#353091) and then incubated at 37 °C in a humidified incubator with 5% CO. for 20 minutes. 2
mL of DMEM with 10% FBS and pen/strep was added to the top chamber. 48 hours later, NHEK
were seeded onto the collagen plug at 1.0e6 cells per plug in 2 mL E-Media supplemented with 5
ng/mL EGF. To the bottom chamber, 13 mL of the same E-Media with EGF was added. The media
was changed 24 hours later. 24 h after the media change, the cultures were lifted to the air interface
(day 0) and placed onto a custom metal grid on a culture dish. The media was changed every 2
days and the cultures allowed to proliferate at 37 °C in a humidified incubator with 5% CO- for
10 days.

Once the cultures were mature, the experiment was performed. 150 pL of 1.0 mg/mL
AMNP-1 in water was carefully added to the top of the cultures, or water as the vehicle-treated
control (VTC). This suspension was left to sit for 1 h. The tissues were then subjected to a 365 nm
UV lamp for 50 minutes to achieve a dose of 13.5 J/cm?. They were then immediately fixed in 10%
neutral buffered formalin. This was followed by paraffin-embedding, sectioning to 4 um thick, and
then mounting on microscope slides. The night before staining, slides warmed on a warming plate
at 65 °C overnight to melt the paraffin. The sections were de-paraffinized using xylenes followed
by a series of graded ethanol solutions (5 min each at xylenes x3, then for 3 min each: ethanol at

100%, 100%, 95%, 70%, followed by Milli-Q water x2). Antigen retrieval was performed by
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placing the slides in 10 mM citrate buffer (pH 6.0) in a plastic slide chamber, which was then
placed in a water bath heated to 99 °C for 35 min. The slides were cooled slowly in a room
temperature (RT) water bath over 1 h. Cool water was slowly added, and the slides were rinsed
with tap water at RT and then exchanged into PBS. A region around the tissue sections on each
slide was drawn with a hydrophobic PAP pen. The tissue was blocked with Dako protein block
serum-free (Agilent X0909) for 25 minutes at RT. Phospho-Histone H2A.X (Ser139) (20E3) rabbit
monoclonal antibody (Cell Signaling Technology #9718) was applied in a 1:50 dilution in wash
buffer (0.3% Triton X-100 in 1x PBS) with 1% bovine serum albumin (BSA) heat shock fraction
for 90 minutes at RT. The slides were rinsed 3 times for 5 min each in wash buffer. The secondary
antibody (IgG, highly cross-adsorbed, donkey anti-rabbit coupled to Alexa Fluor 647) (Invitrogen)
was then applied at a 1:300 dilution in wash buffer supplemented with 1% BSA for 45 min at RT.
The slides were rinsed 3 times for 5 min each in wash buffer. Lastly, they were stained with 20:1
DAPI in PBS for 5 minutes at RT and then rinsed with slowly running DI water for 1 min.
Coverslips were mounted onto the slides using a homemade Gelvatol mounting medium and left
to harden overnight before imaging.

For image analysis, the raw, single channel pH2AX images were thresholded to 800 in
ImageJ/F1J1, and the region of interest (ROI) was chosen and applied to the non-thresholded image.
The Integrated Density (“IntDen”) calculation was used to measure product of the area and the
mean gray value, and then the total averaged over the number of images analyzed to get the average

signal per image frame.
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5.4.3 Human Skin Explants

Preparation and Maintenance of Human Skin Explants. Excised human skin was
obtained from the Skin Tissue Engineering and Morphology Core of the Northwestern Feinberg
School of Medicine following an abdominoplasty and prepared for experimentation within
approximately 4-8 hours following surgery. Tissue was collected under a protocol approved by the
Northwestern University Institutional Review Board (IRB# STU00009443). Patients' consent for
human truncal skin (obtained from abdominoplasty) were not required as these tissues are de-
identified and considered discarded material per IRB policy. The skin was prepared in one of two
ways. The first method was to excise fat from the entire section of skin and then use a 12 mm
biopsy punch to remove skin punches. The second method was to take the full thickness skin with
attached fat layer and use a 12 mm biopsy punch to cut a circle into the skin, which was then
removed from the fat layer with scissors. After either method, the punches were plated epidermal
side up onto metal grids placed in culture dishes containing high glucose Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% FBS and 6x penicillin-streptomycin.

Explant Irradiation Studies. Nanoparticles stored in Milli-Q water were centrifuged at
10,000 rpm to remove most of the water. The pellets were re-suspended in the vehicles at a
concentration of 2 mg/mL and mixed well using a pipette tip. Prior to application, skin punches
were removed from their gridded dishes, set onto a piece of fresh filter paper using a pair of forceps,
and the epidermal surface blotted gently with a fresh piece of filter paper. Immediately after
application of the material, they were re-deposited onto the gridded dishes, with care not to disturb
the epidermal coating. For experiments using thicker vehicles (CeraVe®), 40 uL of the particle

suspension was applied and spread onto the skin using a large-orifice pipette tip. For experiments
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involving thinner vehicles and the spraying technique, 2 mL (excess) of 2 mg/mL particles were
loaded into the airbrush spray gun (Cool Runner 11, Master Airbrush). The gun was set to a height
of 14 cm using a metal clamp and the trigger mechanism depressed five times with one second
pulses. Dishes containing treated skin punches were placed under a 365 nm UV lamp for 50
minutes to achieve a dose of 13.5 J/cm?. Immediately following irradiation, they were either fixed
immediately (in the case of the earlier timepoint) or put back into the incubator, to be fixed at a
later timepoint. For the fixation process, punches were removed from their gridded dishes and
gently blotted dry with a fresh piece of filter paper. Excess nanomaterial/vehicle on the epidermal
surface of the punches was also gently blotted with fresh filter paper. The punches were placed
onto a strip of dental wax and bisected using a fresh razor blade. Each half of a single punch was
placed on a piece of fresh filter paper which was placed into a plastic cage. The cages were dropped
into 10% neutral buffered formalin and left to sit for 48 hours. The skin was dehydrated through a
graded series of ethanol solutions and then embedded in paraffin, sectioned to 4um, and mounted
onto microscope slides.

Immunostaining. Slides containing mounted, paraffin-embedded skin tissue sections were
warmed on a warming plate at 65 °C overnight, the day before the staining protocol, to melt the
paraffin. The sections were de-paraffinized using xylenes followed by a series of graded ethanol
solutions (5 min each at xylenes x3, then for 3 min each: ethanol at 100%, 100%, 95%, 70%,
followed by Milli-Q water x2). Antigen retrieval was performed by placing the slides in 10 mM
citrate buffer (pH 6.0) in a plastic slide chamber, which was then placed in a water bath heated to
99 °C for 35 min. The slides were cooled slowly in a room temperature (RT) water bath over 1 h.

Cool water was slowly added, and the slides were rinsed with tap water at RT and then exchanged
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into PBS. A region around the tissue sections on each slide was drawn with a hydrophobic PAP
pen. The tissue was blocked with Dako protein block serum-free (Agilent X0909) for 25 minutes
at RT. Cleaved caspase-3 (Asp175) rabbit monoclonal antibody (Cell Signaling Technology #9664)
was applied in a 1:50 dilution in wash buffer (0.3% Triton X-100 in 1x PBS) with 1% bovine
serum albumin (BSA) heat shock fraction for 90 minutes at RT. The slides were rinsed 3 times for
5 min each in wash buffer. The secondary antibody (IgG, highly cross-adsorbed, donkey anti-
rabbit coupled to Alexa Fluor 647) (Invitrogen) was then applied at a 1:300 dilution in wash buffer
supplemented with 1% BSA for 45 min at RT. The slides were rinsed 3 times for 5 min each in
wash buffer. Lastly, they were stained with 20:1 DAPI in PBS for 5 minutes at RT and then rinsed
with slowly running DI water for 1 min. Coverslips were mounted onto the slides using a
homemade Gelvatol mounting medium and left to harden overnight before imaging.

Fluorescence Imaging and Quantification. Sections were imaged using a Zeiss
Axiolmager Z.1 microscope. Multi-channel (DAPI and 647 channel for CC3) images were
quantified using either ImageJ (FIJI), or MATLAB for the automated analysis. In ImageJ, cells
were hand counted and the number of positive cells (magenta signal for CC3) at the basal layer of
the epidermis were divided by the total number of cells at the basal layer. For the automated
analysis, MATLAB was used in the following manner:

Automated Cell Counting Using MATLAB. Tissue sections were analyzed by using a
series of transformations to locate and isolate the basal layer of epidermal cells in the following
two steps:

Segmentation of the Stratum Basale: First, montage images of the DAPI and CC3 channels

were converted to 8-bit grayscale images and cropped to appropriate dimensions. Next, intensity
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distribution of the DAPI channel was binarized by setting all pixel values | > 1 as 1, and I =0 as
0. The resulting binarized map reveals the global signal distribution from the epidermis across the
map. To segment the epidermis from the entire map, the global signal map was further thresholded
using the “Otsu” method and the connected components within the largest area (epidermis) were
extracted. This resulted in a binary map of the isolated epidermis. To identify the stratum basale,
the basal layer boundary was traced along this binary map, and then it was segmented from the
rest of the epidermis. To avoid strict conditions to identify the positive skin cells only based on 1-
pixel lateral margins within the stratum basale, this segmented layer was dilated by 15 pixels
laterally.

Identifying Positive Cells in the Stratum Basale: To identify positive skin cells in the

stratum basale, the overall intensity distribution of the DAPI channel was subtracted from the
intensity distribution of the CC3 channel. The subtracted intensity distribution of the CC3 channel
was binarized by “Otsu” thresholding, and further noise from the thresholded image was removed
by morphological operations. This results in a binarized map containing only the CC3 positive
signal. This binarized map was then overlaid onto the map of the dilated stratum basale to identify
positive cells. By extracting the overlapping intensity distribution, we quantified the ratio of

positivity.
5.4.4 Animal Studies

All animal studies were approved by the Northwestern University IACUC. Six to eight-week-old
C57BL/6J female mice were purchased from Jackson Laboratories.
Nitrogen Mustard Skin Injury Model. The dorsal area of the mice was shaved and

chemically depilated 48 hours before skin injury induction. Mice were anesthetized and placed on
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a heat pad under a chemical fume hood. 0.5% of mechloroethamine hydrochloride (nitrogen
mustard, NM) (Sigma, 122564) solution in 1.5% DMSO-PBS was prepared immediately before
the application. Total of 40 pl of NM solution was applied to a circular (12 mm diameter) area in
two consecutive applications. After application, the mice were placed in a temporary housing space
under a chemical fume hood for two hours.

UV Radiation Skin Injury Model. Mice were exposed to UV radiation as described
previously.'® Briefly, a 12 mm diameter circular area of back skin depilated of hair was exposed
to UVB irradiation from six FS-40 fluorescent lamps filtered through Kodacel (Eastman Kodak
Co., Rochester, NY). UVB emission was measured with an 1L-443 phototherapy radiometer
(International Light, Newburyport, MA) furnished with an IL SED 240 detector. Mice were
exposed to a single UVB dose of 100 mJ/cm? to induce skin inflammation.

Treatment with PDA NPs. PDA NPs (PDA Solid) were synthesized according to the

protocol in section 4.2.1. Porous PDA NPs were synthesized according to our recent publication
(5% loaded SPM).*
PDA NPs were diluted in Milli-Q water at concentration of 50 pg/ul. Total amount of 1 mg of
particles were applied to the injured skin area two hours after the injury induction, and then 24 and
48 hours later. Milli-Q water was used as a vehicle in control groups. During the treatment mice
were anesthetized using isoflurane.

Monitoring Skin Injury and Measurement of Wound Healing. Mice were followed up
non-invasively after induction of skin injury. Monitoring was performed daily, starting at the day
of skin injury. Photographs of the injured area were taken, the bi-fold skin thickness of the injured

area was measured using digital calipers (Mitutoyo, PKO505CPX), and weight was measured. The
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area of the inflammation/wound was measured using ImageJ and QuPath software. GraphPad
Prism V.8.3.0 software (San Diego, CA) was used to create visual graphics and to calculate the

statistical significance. One-way ANOVA and t-test were used to calculate the p-values.
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