Melanin Chemistry Revealed by Excited State Dynamics and the Resulting Biological
Implications

by
Mary Jane Simpson

Department of Chemistry
Duke University

Date:

Approved:

Warren S. Warren, Supervisor

Adam P. Wax

Martin C. Fischer

Richard A. MacPhail

Dissertation submitted in partial fulfillment of
the requirements for the degree
of Doctor of Philosophy in the Department of
Chemistry in the Graduate School
of Duke University

2014



ABSTRACT

Melanin Chemistry Revealed by Excited State Dynamics and the Resulting Biological
Implications

by
Mary Jane Simpson

Department of Chemistry
Duke University

Date:

Approved:

Warren S. Warren, Supervisor

Adam P. Wax

Martin C. Fischer

Richard A. MacPhail

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of

Chemistry in the Graduate School
of Duke University

2014



Copyright by
Mary Jane Simpson
2014



ABSTRACT

Dermatopathologists need more reliable tools for analyzing biopsies that
could potentially be melanomas and for determining the best treatment plan. The
chemical and physical properties of melanin provide insight into melanoma
biochemistry. Two-color, near-infrared pump-probe microscopy of unstained,
human pathology slides reveals differences in the type of melanins and their
distributions in malignant and non-cancerous lesions. Because the pump-probe
response of melanin is resilient to aging, even for hundreds of millions of years, this
tool could prove useful in retrospective studies to correlate melanin characteristics
with patient outcome, thus eliminating the pathologist’s uncertainty from the

development of our novel classification method.

Pump-probe spectroscopy of a variety of melanin preparations, including
those with varying amounts of metal ions and toxins, and those that have been
photo-damaged or chemically oxidized, shows that the pump-probe response is
sensitive to slight chemical and physical differences, rather than just melanin type
as previously hypothesized. When sampling the response at several pump
wavelengths, the specificity of this technique is derived from the absorption spectra
of the underlying chromophores. Therefore, hyperspectral pump-probe microscopy
of melanin could serve as an indicator of the chemical environment in a variety of
biological contexts. For example, the melanin chemistry of macrophages suggests
that these cells oxidize, homogenize, and compact melanin granules; whereas

melanocytes produce heterogeneous melanins.
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1. INTRODUCTION TO MELANINS

There are many pigments that give our world color: Chlorophylls give trees
their green color, anthocyanins make flowers red, purple and blue, hemoglobin is
what makes children’s cheeks rosy, and it is melanin that colors the locks of
redheads and gives the hair of brunettes a rich, ebony hue. Melanins also give
human skin and eyes a tan or brown appearance. They are even found in the brain

and inner ear.

Melanins are ubiquitous in the animal kingdom. They can be found in many
animals including in fish, birds, and mammals. They serve a variety of functions
including camouflage, decoration, and protection. The properties and functions of
melanins vary depending on the type of melanin, whether eumelanin, pheomelanin,
or neuromelanin. Eumelanin, for example, is an insoluble, black aggregate, so it can
turn water black and opaque to protect a squid when danger is near. Pheomelanin,
which has a red/brown color, serves as decoration for birds by coloring the plumage
of males to help them attract a mate (McGraw and Wakamatsu, 2004). The colors of
melanins come from their broad absorbance spectrum, which spans the ultraviolet

(UV), visible, and infrared spectra.

1.1 THE FORMATION OF MELANINS

Melanins are complex, heterogeneous biological pigments. There are two
main classes found in human skin and hair: eumelanin and pheomelanin. Eumelanin
is a brown/black polymer of 5,6-dihydroxyindole intermediates (DHI and DHICA),

which are derived from L-DOPA (L-3,4-dihydroxyphenylalanine). Pheomelanin is a



red/brown pigment mostly composed of benzothiazine but with some
benzothiazole and isoquinoline units (Ito and Wakamatsu, 2008). The proposed

structures of eumelanin and pheomelanin are shown in Figure 1.

le::EOOH)
S

NH, OH
HOOC NH,
Eumelanin Pheomelanin

Figure 1: Structures of eumelanin and pheomelanin. Green arrows indicate sites of
attachment for other units. Figure adapted from Ito and Wakamatsu, 2008.

Both types of melanin are derived from dopaquinone, which is produced
from tyrosinase oxidizing the amino acid tyrosine (Ito and Wakamatsu, 2008).
Pheomelanin differs from eumelanin due to the addition of cysteine. Because
dopaquinone reacts with cysteine to form cysteinyldopa much more rapidly than
the intramolecular cyclization to form cyclodopa occurs (3 x 107 M~ 1 sec™?!
compared to 3.8 sec™!, respectively), the first step in melanin formation is the
formation of cysteinyldopa, which continues until the cysteine concentration is
depleted to less than 0.13 pM (Ito and Wakamatsu, 2008). After the depletion of
cysteine, the cysteinyldopa oxidizes into benzothiazine intermediates that
polymerize into pheomelanin; this reaction continues as long as the concentration of

cysteinyldopa is above 9 uM (Ito and Wakamatsu, 2008). Only when cysteinyldopa



is depleted can dopaquinone begin forming cyclodopa, which is further oxidized to
make eumelanin (Ito and Wakamatsu, 2008). Figure 2 shows an illustration of the

proposed synthetic pathway by which tyrosine forms eumelanin and pheomelanin
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Figure 2: Summary of the proposed biosynthetic pathways that form melanins. Figure adapted
from Ito and Wakamatsu, 2008.

Because the concentration of cysteine determines the type of melanin that is
formed, most melanogenesis is more accurately described as mixed melanogenesis

Pheomelanin initially forms when cysteine concentrations are sufficiently high, but



eumelanin begins forming as cysteine is consumed. This process is the basis behind
the casing model, which postulates that melanin granules are made of pheomelanin
cores with eumelanin shells (Agrup et al, 1982). The casing model has not been
proven on cutaneous melanin, but it has been demonstrated on neuromelanin (Bush
et al, 2006), the type of melanin found in the substantia nigra in the brain.
Neuromelanin is formed within neurons by the oxidation of dopamine, a

neurotransmitter.

The extent to which melanins polymerize has been estimated using several
different approaches. Most notably, atomic force microscopy shows that Sepia
eumelanin granules are 30 nm in diameter (Simon et al, 2008), and nonlinear
transient absorption spectroscopy experiments suggest Sepia eumelanin is
composed of 46 monomers and 28 for synthetic pheomelanin (Piletic et al, 2009).
Based on these experiments, melanin granules are likely composed of tens of
monomers. Stacks of planar melanin polymer sheets form the granules (Liu and
Simon, 2003). These can, in turn, clump into larger melanin aggregates that are
about 150 nm in size, which gather into particles on the order of micrometers
(Nofsinger et al, 2000). The size of melanin aggregates and particles depend on
sample preparation procedures such as the way the melanin is dried (Liu and

Simon, 2003).

Cellular organelles called melanosomes produce melanins among a mixture
of proteins, lipids, and metals. In humans, melanosomes are formed in melanocytes,

which are cells normally located along the dermal-epidermal junction. Melanins can



be isolated with an acid/base treatment or extracted enzymatically (Liu et al, 2004).
From this method, many different kinds of melanin can be isolated including
melanin from human hairs, from human or bovine eyes, or from the ink sac of Sepia

officinalis, which is used as a eumelanin standard throughout much of this work.

Alternately, there are a variety of methods for synthesizing melanins.
Because there are no known sources of pure pheomelanin, synthetic pheomelanin is
normally used when a pheomelanin standard is required. Although purified Sepia
melanin is a good reference standard for degradation and optical absorption,
eumelanin can also be synthesized (d’Ischia et al, 2013). The precursors, reaction
conditions, work-up, and storage methods all have an impact on the properties of
the final melanin product (d’Ischia et al, 2013). Generally, L-tyrosine, L-dopa, DH]I,
and DHICA are the precursors for synthetic eumelanin, and tyrosinase or hydrogen
peroxide serves as the oxidizing system (d’Ischia et al, 2013). With the addition of L-
cysteine, L-dopa produces synthetic pheomelanin under similar oxidizing
conditions; the 5-S-cysteinyldopa precursor can also produce pheomelanin (d’'Ischia
et al, 2013). Dopamine and cysteine are precursors for synthesizing neuromelanin
(d’Ischia et al, 2013). The pheomelanin standard used in this work is synthesized
using L-cysteine and L-dopa precursors and the tyrosinase oxidizing system (Ito,

1989).

1.2 PROPERTIES OF MELANINS

Melanins are poorly understood, in part, due to their complex physical and

chemical properties. Although pheomelanin is somewhat soluble in dilute alkaline



conditions, eumelanin is insoluble in virtually everything except very strong bases.
The differences in their solubility are traditionally used to distinguish melanins.
Soluene-350 can dissolve eumelanin (Ozeki et al, 1996), but highly alkaline
conditions such as this degrade melanins. Therefore, solutions of eumelanin are

unsuitable for studying their structure and properties.

Another property that complicates melanin research is the inherent chemical
heterogeneity of natural melanins. Eumelanin can have different ratios of DHI and
DHICA, depending on the conditions under which it was formed (d’Ischia et al,
2013). This ratio dictates the properties of the melanin. For example, DHICA-rich
eumelanin is more soluble in water than DHI-rich eumelanin (Liu and Simon, 2005);
thus, the properties of eumelanin are heterogeneous. As discussed previously, the
type of melanin formed depends on the concentration of cysteine present, so many
natural melanins are chemically heterogeneous (Ito and Wakamatsu, 2008): With
little or no cysteine, only eumelanin forms, but if cysteine is present pheomelanin
forms until cysteine is depleted, which produces a copolymer of eumelanin and

pheomelanin (Ito and Wakamatsu, 2008).

Not only is melanin chemically heterogeneous, but it is also physically
heterogeneous. Melanin granules aggregate into particles ranging from
approximately 3 to hundreds of micrometers (Nofsinger and Simon, 2001). Many
properties of the melanin depend on the size of the particle; these include the
absorption spectrum (Nofsinger et al, 1999), the emission yield (Nofsinger and

Simon, 2001), the photo-generation of radicals (Nofsinger et al, 1999), and the



generation of ROS (reactive oxygen species) (Nofsinger et al, 2002). Melanin’s
inherent heterogeneity may contribute to the reason experiments often have
conflicting results such as the finding that melanin is both a sensitizer and a

protector (Takeuchi et al, 2004).

Classically, melanin has been considered a photo-protector. Because it is
highly absorptive and quickly converts light energy to heat, melanin can prevent UV-
B light from directly damaging DNA in cells near the surface of the skin. As an
example, chemical tanning that induces eumelanin production protects mice from
DNA damage and the development of tumors (d'Orazio et al, 2006). Synthetic
eumelanin can dissipate about 99.9% of absorbed UV and visible radiation via non-
radiative relaxation (Meredith and Riesz, 2004 ), and synthetic pheomelanin can
dissipate about 99.8% (Riesz et al, 2006). In addition to directly absorbing radiation,
melanin’s relatively stable free radicals can indirectly protect DNA from UV-B, UV-A,
and visible radiation by scavenging or quenching the free radicals this radiation

produces (Riley, 1988, Tada et al, 2010).

Other than protecting cells from sunlight, melanin is capable of chelating
heavy metals (Liu et al, 2004) and other toxins such as nicotine (Yerger and Malone,
2006) and cocaine (Potsch et al, 1997). Although few interactions have been well-
characterized, melanins have several sites for binding metals and other toxins: the
carboxyl group, the hydroxyl group, and the amino group. Based on the pKa of the
groups and the pH dependence of metal binding, it has been established that

magnesium and calcium bind to the carboxyl group, while iron binds to the hydroxyl



group (Liu et al, 2004). Sepia eumelanin is a powerful chelator, binding metals much
stronger than ethylenediaminetetraacetic acid (EDTA), a typical chelating agent (Liu
et al, 2004). Binding metals and toxins may protect cells from potentially toxic

chemicals, but the buildup of carcinogens in the melanin is also a hypothesis for why
melanomas sometimes arise in places not exposed to sunlight such as the bottom of

the feet.

Similarly, melanin’s ability to absorb sunlight may also be harmful. As
previously discussed, melanins dissipate around 99.8-99.9% of absorbed radiation
via non-radiative means. These non-radiative relaxation pathways include releasing
energy as heat but may also include potentially damaging excited state chemistry
such as the production of ROS such as the superoxide anion and hydrogen peroxide
(Riesz et al, 2006). Both melanins are potent photo-sensitizers: pheomelanin
induces more apoptosis than eumelanin (Takeuchi et al, 2004), but eumelanin
causes more DNA breakage than pheomelanin (Suzukawa et al, 2012). This property
may be harmful or protective, depending on which cells are damaged or killed

(Takeuchi et al, 2004).

Even in the absence of UV-radiation, melanins can undergo auto-oxidation to
produce the superoxide anion and hydrogen peroxide (Suzukawa et al, 2012).
Oxidation of the precursors of melanin, DHI and DHICA, also yields hydrogen
peroxide (Suzukawa et al, 2012). Metal ions present naturally in melanin contribute
to this melanin photochemistry by catalyzing the generation of hydroxyl radicals

from hydrogen peroxide (Korytowski et al, 1987). In particular, iron and copper



catalyze the production of hydroxyl radicals via the Fenton cycle (Pilas et al, 1988).
Pheomelanin may be more prone to metal-catalyzed photo-sensitization. In the
presence of iron, pheomelanin catalyzes UV-induced lipid peroxidation, although
eumelanin does not (Krol and Liebler, 1998). In another example, pheomelanin
produces more superoxide and consumes more oxygen after UV exposure when
synthesized in the presence of zinc than without (Panzella et al, 2010, Farmer et al,

2003).

Other than the oxidative stress induced by the formation of ROS,
pheomelanin causes oxidative damage by functioning as a pro-oxidant, directly
oxidizing two cellular antioxidants: glutathione (GSH) and nicotinamide adenine
dinucleotide (NADH) (Panzella et al, 2014). After oxidizing them, the pheomelanin
radical releases additional ROS as it is re-oxidized (Panzella et al, 2014).
Pheomelanin synthesis also causes oxidative stress by consuming antioxidants

including GSH and melanin precursors (Panzella et al, 2014).

1.3 DETECTION OF MELANINS

There are a variety of methods that are useful for melanin analysis. These
include techniques that probe the chemical, physical, and optical properties of
melanin. All of these have their own set of advantages and disadvantages, mainly

exchanging the specificity of the technique with how destructive it is.

The most widely accepted method for the analytical detection of melanin
involves using a variety of techniques to measure the quantity of melanin oxidative

breakdown products: High performance liquid chromatography, elemental analysis,



nuclear magnetic resonance (NMR), mass spectrometry, and UV absorption can
detect the major breakdown products of pheomelanin, which are 4-amino-3-
hydroxyphenylalanine (4-AHP) and 3-amino-4-hydroxyphenylalanine (3-AHP), and
those of eumelanin, which are pyrrole-2,3,5-tricarboxylic acid (PTCA) and pyrrole-
2,3-dicarboxylic acid (PDCA) (d’Ischia et al, 2013). These techniques are highly
sensitive and specific; however, they require complete oxidative degradation of the
sample of interest. Although extremely accurate, oxidative degradation destroys
potentially useful information such as the original oxidative state of the melanin, the
extent of polymerization (the size of the melanin aggregates), the distribution of

melanins in the sample, the nature of melanin interactions with other molecules, etc.

The physical structures of melanosomes have been well-characterized using
electron microscopy, so it is theoretically possible to identify melanins based on the
physical structure of the melanosome. Pheomelanosomes tend to have a spherical
structure and measure approximately one micrometer in diameter, and
eumelanosomes are more ellipsoidal with a length of one to two micrometers
(Jimbow et al, 1983). One concern regarding the accuracy of this technique is the
existence of mixed melanosomes (Ito and Wakamatsu, 2008): it is impossible to
determine the proportion of each type of melanin present in a mixed melanosome
using SEM. Based on the structure, eumelanosomes have been identified in
fossilized bird feathers using scanning electron microscopy (SEM) (Vinther et al,
2008). Although this approach does not require degradation of the sample, the
structure alone is not convincing evidence for the presence of melanin because their

shape and size are not unique only to melanins (Moyer et al, 2014). As the authors
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point out regarding the melanin in the fossilized feather, another group of scientists
identified the same structural features as fossilized bacteria (Vinther et al, 2008). A
recent paper reviewing both of these techniques concluded that SEM was incapable
of definitively discriminating fossilized melanosomes from bacteria (Moyer et al,

2014).

Melanin polymerization is a free-radical process, possibly driven by an
electron exchange between the oligomer and a quinone such as DHICA (Riley, 1988).
This generates a semiquinones free radical (Riley, 1988). The presence of free
radicals allows each type of melanin to have a distinct electron paramagnetic
resonance (EPR) signal. Although eumelanin and pheomelanin give EPR signals that
are distinct from one another (Sealy et al, 1982), the EPR signals are not unique to

melanins (d’Ischia et al, 2013); therefore, EPR is not sufficient to identify melanins.

Melanin has a broad, featureless linear absorption spectrum with absorbance
increasing exponentially with decreasing wavelength. A linear absorption spectrum
of Sepia eumelanin and synthetic pheomelanin is shown in Figure 3. The lack of
identifying peaks is attributed to the chemical heterogeneity of the pigments: The
extent of polymerization varies between melanin granules, making the absorption
spectra overlap and degrading identifying peaks (Meng and Kaxiras, 2008).
Pheomelanin is relatively more absorptive as the spectrum approaches the UV than
eumelanin, which accounts for the reddish appearance of pheomelanin. The relative
differences in the absorbance spectra provide a means of differentiating eumelanin

and pheomelanin: the ratio of absorbance at 650 nm to the absorbance at 500 nm
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gives an approximation of the type of melanin present (Ozeki et al, 1996). A ratio
above 0.25 indicates eumelanin, while a ratio below 0.15 is indicative of
pheomelanin (Ozeki et al, 1996). This method is acceptable when the only absorber
around those wavelengths is melanin, but without the specificity of characteristic
peaks, it cannot reliably quantify melanins present in a mixture of absorbers.
Additionally, melanins that lack the heterogeneity required to have a broad,
featureless absorbance spectrum (such as very small aggregates, according to
Nofsinger and Simon, 2001) may lead to uncertainty in this measurement. Thus,
linear absorption spectroscopy only gives an approximate measure of melanin

content and requires a relatively pure, well-understood melanin sample.
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Figure 3: Linear absorption spectrum of Sepia eumelanin and synthetic pheomelanin
(Dopa+cysteine). Data are normalized to the absorption at 500 nm.
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Melanin has complex fluorescence properties. Unlike most chromophores,
melanin emission is excitation wavelength-dependent (Nofsinger and Simon, 2001,
Meredith and Riesz, 2004). This characteristic can be attributed to the heterogeneity
of melanin, as different excitation wavelengths excite a different subset of melanin
aggregates, which will then emit at their characteristic wavelength (Meredith and

Riesz, 2004).

Historically considered non-fluorescent, the quantum yield of melanin is on
the order of 10-4 (Meredith and Riesz, 2004). Melanin fluorescence increases under a
number of conditions including after chemical oxidation (Kozikowski et al, 1984;
Kayatz et al, 2001), UV or near-infrared (NIR) photo-excitation (Kerimo et al, 2011),
and after isolating the smallest particles (Nofsinger and Simon, 2001). All of these
conditions must decrease melanin’s ability to turn radiation into heat, most likely
because they all are associated with less extensive conjugation: oxidation may break
apart the melanin polymer (Kozikowski et al, 1984), photo-excitation may induce
oxidative stress, which would cause a similar effect to chemical oxidation, and small

aggregates inherently have less conjugation.

The low quantum yield and lack of characteristic excitation and emission
wavelengths make fluorescence a challenging method for the identification of
melanins; however, phasor analysis of the two-photon excited fluorescence lifetime
has shown promising results in discriminating eumelanin and pheomelanin

(Krasieva et al, 2012). Eumelanin: pheomelanin ratios derived from this technique
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correlate well with standard methods of chemical degradation, so it is currently

under investigation as a tool for studying melanoma biology (Krasieva et al, 2012).

Melanin has several Raman-active modes. Pheomelanin has three Raman
peaks: 500 cm1, 1490 cm-1, and 2000 cm-! (Galvan et al, 2013). Eumelanin has peaks
at 500 cm-1, 1380 cm1, and 1580 cm-1, and it lacks a peak between 1750-2000 cm-1
(Galvan et al, 2013). In principle, this method could sensitively detect melanins
without destroying the sample; however, in practice, the heterogeneity of natural
melanins limits the utility of Raman spectroscopy. For example, when quantifying
melanins in situ in hairs and feathers, features of the Raman spectra were not
consistent markers of a particular type of melanin, and in fact, they were often not
even consistent between multiple samples from an individual melanin source

(Galvan et al, 2013).

Generally, there are no melanin detection methods that are both non-
destructive and specific enough to perform on melanins in their native environment.
In this work, I attempt to develop a non-destructive tool for identifying melanins
that derives its specificity from the unique excited state dynamics of melanins.
Rather than letting melanin heterogeneity hinder the detection of melanins, I
unravel the sources of melanin heterogeneity and try to collect the additional
information. I demonstrate the utility of melanin contrast in a variety of applications

and report new insights into biology that this technology has revealed.
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2.PUMP-PROBE SPECTROSCOPY/MICROSCOPY

Linear absorption spectroscopy characterizes samples based on the amount of
light absorbed over a range of wavelengths, thus revealing information about the
energy differences between ground and first excited states. Pump-probe
spectroscopy is a type of time-resolved spectroscopy that provides the same
information as linear absorption spectroscopy and more, which can include the

following:

1. Energy differences between ground and second electronic excited states, and
those of first and second electronic excited states, approximated by the
wavelengths of light that are able to bleach the ground state or induce
excited state absorption;

2. Excited state lifetimes of the first excited states, calculated by the excited
state absorption dependence on the interpulse delay, which reveals the rate
of electronic relaxation of the first excited state;

3. Rate of repopulation of the ground state, which depends on the spontaneous
and stimulated relaxation dynamics;

4. Energy differences between ground and excited vibrational states, measured

by finding the wavelength required to stimulate relaxation.

These added variables enable pump-probe spectroscopy to identify molecules with
greater specificity than linear absorption spectroscopy, although the variety of
processes that contribute to the pump-probe response makes understanding the

exact source of the signal a complex problem to solve.
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The simplest pump-probe experiment requires two pulsed laser beams,
either the same or different colors. The pump beam, at wavelength Apy, induces an
electronic excitation and produces a corresponding hole in the ground state, making
the material temporarily less absorptive at the probe wavelength, A,.. Spectral hole
burning requires an inhomogeneously broadened medium, meaning each absorber
has a slightly different absorption spectrum. This is certainly the case for melanins,
assuming their broad absorption spectra results from many heterogeneous
oligomers, where each absorbs at a slightly different wavelength. The width of the
spectral hole depends on either the homogeneously broadened line width of the
particular absorber, which mainly depends on the lifetime of the excited state, or the

bandwidth of Ay, the bigger of these two dictating the width of the spectral hole.

The probe beam monitors the excited state population and corresponding
ground state holes in time, based on changes in the probe beam absorptivity. This
can be measured in a number of ways using one or two pulsed lasers. The most
obvious way to measure a pump-probe signal is to send both beams to the sample,
varying the interpulse delay with a delay line, and then allow only the probe beam
to arrive on the detector by either spectrally or spatially filtering out the pump
beam. The pump-probe signal is measured according to the change in the absolute
intensity of the probe beam incident on the detector, which means the signal has a
large background, making small changes in intensity difficult to measure (typically
on the order of 107¢ according to Fu et al, 2007). In order to eliminate the large

background, I employ the modulation transfer technique in this work.
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With the modulation transfer technique, rather than measuring the changes
in absolute intensity, we measure the amount of modulation transferred from the
pump to the probe. The pump beam has an intensity modulation imposed on it. The
laser beams have a variable delay time between their pulses; that time can be zero,
in which case the pulses are overlapped in time, or the time can go up to the
repetition rate of the laser (which is 80 MHz, so theoretically up to 12.5 ns, in this
case). Both beams are focused onto the sample, but the modulated beam is
spectrally filtered out before the collinear beams arrive on the detector. The pump-
probe signal is based on the amount of pump-modulation measured on the probe
beam, as interactions that require both beams will cause modulation transfer. This

arrangement is theoretically background free.

2.1 NONLINEAR OPTICAL INTERACTIONS

The pump-probe response of a material is the sum of a number of different
optical interactions. These include two-photon absorption, stimulated Raman
scattering, stimulated emission, ground state depletion/bleaching (GSB), and
excited state absorption (Fu et al, 2007). Figure 4 shows a summary of the nonlinear

optical interactions that can contribute to the pump-probe response.

17



——— -
A A 4 A
NV
N
A 4
v
Two-Photon Stimulated Excited State Stimulated Ground State
Absorption Raman Absorption ~ Emission Depletion

Figure 4: Summary of the nonlinear optical interactions that can contribute to the pump-
probe response. Blue lines represent pump absorption, and red lines represent probe
absorption or emission. The dashed line in the figure on the left indicates a real or virtual
intermediate state, whereas the figure on the right has all real states.

All of these processes depend on the initial absorption of the pump beam.
The number of pump photons absorbed (Nass) is a function of the photon irradiance
(I), the beam waist (r), the sample volume (V) and the absorption coefficient («)

(equation 1 from Ye et al, 2009).

Ngps(t) = fV a(r,t) I(r,t) dr (1)

The absorption coefficient, ¢, is a product of the difference between the number
density of molecules in lower and upper states (N; and Nz) and the cross-section of
the absorption, o (equation 2 from Ye et al, 2009). Whereas «a is practically constant

for linear absorption, due to the use of relatively low intensity light, intense pulsed
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laser light can begin to saturate the absorption; any significant population in the

excited state (Nz) decreases a.
a=0(Ni1-N3) (2)
where N; + Ny = Niprar

2.1.1 TwWo-PHOTON ABSORPTION

Two-photon absorption occurs when two photons are absorbed
simultaneously. Because this is an instantaneous process, neither individual pulse
can necessarily reach a real excited state by itself. These may be photons from a
single beam or from different beams, but pump-probe spectroscopy can only
measure this process if it involves a photon from the pump beam and one from the
probe beam. The pump-probe response for two-photon absorption is measured as
an increase in probe absorbance when the pump and probe pulses are overlapped in
time. For the absorption of two photons of the same energy, the absorption
coefficient scales with the total number density of molecules (N¢tar), the amount of
power (I), and the two-photon absorption cross-section (¢(®), up to the point
where the absorption begins to saturate because stimulated emission begins to

compete with absorption (equation 3 from Ye et al, 2009).
a@ = Neotal a® 1 (3)

2.1.2 EXCITED STATE ABSORPTION
Excited state absorption (ESA) occurs when the sample experiences step-

wise excitation, either by the excited state immediately absorbing the probe beam
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or by the relaxed vibrational excited state then absorbing the probe. It is similar to
two-photon absorption, except because the pump pulse accesses a real energy level,
the excited state has an associated lifetime. This means the decreased probe
transmission persists beyond the time when the pump and probe are overlapped,
and it continues as long as there is available population in the excited state. Excited
state absorption provides a means of measuring the excited state lifetime, although
calculating it from the pump-probe response requires a thorough understanding of
the competing processes that contribute to the response such as stimulated Raman

scattering.

2.1.3 STIMULATED RAMAN SCATTERING

Stimulated Raman scattering is possible when the energy difference between
the pump and probe beams happens to correspond with an energy difference
between vibrational energy levels. Because this process accesses a virtual state, it
can only occur when the pump and probe pulses arrive simultaneously. The
presence of the pump and probe pulse simulate emission of a photon at the same
wavelength as the probe, Apu. If the pump beam is higher energy than the probe,
then the signal is from a Stokes Raman transition, and pump beam will increase the
amount of probe beam arriving on the detector. If the probe is higher in energy, the
pump will cause increased probe absorption, thus decreasing the amount of probe
beam arriving on the detector, which is an anti-Stokes Raman transition. Anti-Stokes
Raman transitions are weaker because they require the molecule to be in an excited
vibrational state, which is less populated than the ground vibrational state, as

dictated by the Boltzmann distribution (equation 4). The ratio of populations of
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. : N
molecules in an excited state compared to the ground state (N—z) depends on the
1

energy difference between those two states (E, — E;), the temperature (T), and the
Boltzmann constant, (kg). Therefore, the bigger the difference between the pump
and probe beam wavelengths, the less likely an anti-Stokes Raman transition will

occur.

—(E2—Ey)
N2 /kgT

Ny

(4)

2.1.4 STIMULATED EMISSION

If the pump beam accesses a real excited state and the difference between
the pump and probe beams corresponds to the energy difference between
vibrational energy levels, stimulated emission may contribute to the pump-probe
response. Molecules in the excited state, N>, relax via stimulated emission (equation
5 from Ye 2009), which, like absorption shown in equation 2, also depends on the

photon irradiance (/) and the absorption cross-section (o).
SE =10 (N2(t) — N.(D)) (5)

For stimulated emission to dominate while competing with absorption, there
must be a population inversion between the ground and excited states (N2 must be
greater than N;). However, this will never occur under thermal equilibrium
according to the Boltzmann distribution. To overcome this, we assume a 4-level
system instead of a 2-level system. Figure 5 illustrates the 4-level system that
permits stimulated emission. The pump pulse excites an electron into an electronic

and vibrational excited state. The electron rapidly relaxes into an electronic excited
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state with a ground vibrational state. Then, the probe beam stimulates the
relaxation of the electron to a ground electronic state with an excited vibrational
state. Eventually, the electron will relax into a ground electronic and vibrational
state. This way, the population inversion is between the electronically excited but
vibrationally relaxed state and the electronically relaxed but vibrationally excited
state (Figure 5, 3rd step). Note that a 3-level system, where the probe beam
stimulates emission into the ground vibrational and electronic state, can also

produce stimulated emission.
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Figure 5: A 4-level system explains stimulated emission.

After the pump is absorbed, the probe induces radiant relaxation of the
sample, so the presence of the pump causes more probe intensity to reach the
detector. Stimulated emission is another process that can be used for measuring the
lifetime of the excited state; however, as previously mentioned, this requires
detailed knowledge of the processes contributing to the lifetime. For example, if an

excited state can exhibit excited state absorption or stimulated emission in the
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presence of the probe, the processes will compete. The resulting pump-probe

response will not directly give the lifetime of either process.

2.1.5 GROUND STATE DEPLETION

Ground state depletion occurs when the sample can absorb either the pump
or probe beam, so the absorption of the pump beam prevents absorption of the
probe. The probe exhibits increased transmission through the sample, effectively
bleaching that transition, until the excited state decays and repopulates the ground
state. The length of time that the sample is temporarily bleached gives an indication

of the excited state lifetime.

Ground state depletion depends on the population both in the ground and
excited states (equation 2), which depends on the relative rates of processes that
add to the excited state such as absorption, and processes that add to the ground
state such as stimulated emission (equation 5) and other N relaxation mechanisms,

kNz(t). Note that k is likely small on a femtosecond time-scale.

Equations 6 and 7 describe the rate of population change of N; andN:.
Stimulated emission and other relaxation mechanisms populate N;, while

absorption decreases the population of Ni; the opposite is true for the population in

No.
de;ft) = Ipa (Ny(£) — Ny () + kN,(t) (6)
Wl 1, 5 (N, (6) = Ny (8)) — kN () )
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Niotar = N1(t) + No(t)

Using equation 2 to solve the rate equations (equations 6 and 7) reveals that
increasing photon irradiance decreases the absorption coefficient (equation 8 from

Ye et al, 2009).

Kk
a= 0Ny =Np) = 0 Neotar 577 (8)

Equation 8 shows that absorption eventually becomes saturated. At the saturation
intensity, Ly, the absorption coefficient decreases by half (equation 9 from Ye et al,

2009). This tendency for the absorption to saturate is the basis of GSB.

1 k
a = 0 Niotar 1+I/I s Isar :E (9)
sat

The wavelength range that induces GSB indirectly indicates the linear
absorption spectra of individual components. This is potentially useful in the case of
melanin: melanin’s broad absorption spectrum is due to the heterogeneous
population of oligomers all getting averaged together, a classic case of
inhomogeneous broadening. However, we are interested in the absorption spectrum
of a single oligomer because the individual homogeneously broadened line width

can give an idea of the excited state lifetime and the number of relaxation pathways.

The sign of the signal (whether absorptive or emissive), the pump
wavelength, the probe wavelength, and the delay time dynamics give a wealth of
information about the first and second excited states. Although many processes

contribute to the pump-probe response, and determining the exact source of the
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pump-probe signals is difficult, the many dimensions of the experiment produce

powerful molecular specificity.

2.2 PuMP-PROBE EXPERIMENTAL SET-UP

The two-color pump-probe response is measured using the modulation
transfer technique. A mode-locked titanium-sapphire laser (Coherent, Chameleon)
operating at 80 MHz repetition rate serves as one of the beams. A portion of this
beam pumps an optical parametric oscillator (Coherent, Mira-OPO), which splits it
into two lower energy beams, the signal and the idler. Intracavity frequency
doubling of the signal beam makes this second color higher energy than the original
pump beam. Both lasers are highly tunable, so the pump-probe system can easily
characterize the pump-probe signal wavelength dependence without making
numerous other changes to the set-up. The broad emission spectrum of the Ti:
sapphire crystal makes the laser easily tunable. Although phase-matching
conditions usually limit the tunability of OPOs, the Mira-OPO has a periodically-
poled crystal with variable insertion depth that allows phase-matching for a variety

of pump beam and signal wavelengths.

The pump beam passes through an acousto-optic modulator (Crystal
Technology, Model 3200-121 and 124) which imposes a 2 MHz intensity modulation
on the pulse train. Sending an acoustic wave through a tellurium dioxide crystal
produces a variation in the dielectric constant of the crystal, which effectively makes

the crystal a diffraction grating. Multiplying the frequency of the acoustic wave by a
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slower frequency produces an amplitude modulation on the beam at that frequency

(2 MHz, in this case).

To measure how the pump-probe response changes with variable interpulse
delay time, the beam path of one of the beams is varied with respect to the other.
The beam goes down a delay line, which is mounted on a computer-controlled,
motorized translation stage (Newport). The temporal resolution is limited by the
length of the pulses. Using a prism pair for dispersion compensation optimizes the
cross-correlation of the two pulses to approximately 250 fs, so the pulses are about

175 fs, although the pulse width varies with wavelength and system alignment.

The two beams collinearly arrive in the home-built laser scanning
microscope. To facilitate fast imaging, rather than the sample stage moving, we use
galvanometer mirrors to scan the angle of the beam as it enters the back aperture of
the objective, which scans the position of the beam at the focal plane. The beams
focus on the sample, and transmitted light is collected. Before focusing onto an
amplified photodiode (Thorlabs, PDA55), the pump beam is removed using at least

two chromatic filters.

Alock-in amplifier (Stanford Research Systems, 844) with a 2 MHz reference
frequency detects modulation on the probe beam. By convention, the phase of the
lock-in amplifier is set so that the signal is maximized and positive when the
modulation is in-phase with the reference frequency. The resulting in-phase channel
of the lock-in amplifier is the raw pump-probe signal, and the sign of that signal,

whether positive (in-phase) or negative (180° out-of-phase), gives an indication of
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the type of nonlinear interaction. For example, if the pump pulse causes increased
probe absorption, the signal will be in-phase, so the signal will be positive. The
quadrature component is derived from modulations that are neither in-phase nor
opposite in-phase with the reference frequency such as temperature changes.
Pump-probe signals when the probe precedes the pump result from processes that
occur on a longer timescale than the time between pulses (for the 80 MHz system,
12.5 ns) such as fluorescence. To monitor two-photon fluorescence, back-scattered
light is collected with a polarizing beam splitter and set of filters (680 nm dichroic, a
600 nm shortpass filter, and a BG-39 filter to reject near-IR scattered light) and
focused onto a photomultiplier tube. A schematic of the pump-probe microscopy

set-up is shown in Figure 6.
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Figure 6: Diagram of a pump-probe microscope set-up. Figure reproduced from Simpson et al,
2014.

Rhodamine 6G (R6G), a laser dye, serves as the system calibration standard.

It is highly fluorescent, emitting yellow light when it is pumped with green light.
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Because it does not have any linear absorption in the NIR, two-photon absorption is
the only absorptive process contributing to the signal (Fu et al, 2007). Without an
absorption into a real electronic state, the signal is purely instantaneous, which
makes a convenient way to characterize the system. For example, from the R6G
trace, we can estimate the cross-correlation of the two pulses and approximate the

pulse width.

2.3 PuMP-PROBE EXPERIMENTAL CONSIDERATIONS

Other than improved specificity, pump-probe spectroscopy and microscopy
have a number of advantages over other melanin detection techniques including
being non-destructive, having z-sectioning capabilities, and providing background-
free measurements. Pump-probe microscopy does not require extraction or
purification of the sample, thus leaving valuable information about the sample and
its environment intact. Because two-photon processes require high peak power,
they only occur at the focal spot. This means that signal only comes from a narrow z-
dimension, so pump-probe microscopy is capable of imaging in three dimensions.
While scattering gives a background to linear absorption measurements, the pump-
probe response is essentially background-free, making it a very sensitive
measurement. The background signal that is present stems from fluorescence, pump
beam incident on the detector, and coincidental modulation on the pump beam. The
main disadvantage is the high cost of pulsed lasers.

Other than decreasing the background signal, there are a number of ways to
boost the signal-to-noise ratio. Sources of noise in the pump-probe laser system

include the following:
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1. Shot noise, a consequence of the particle-like nature of light, which scales
with the square root of the number of photons, but this is only a limit at very
low light levels;

2. The laser power from the Mira-OPO experiences low frequency drifts by
approximately 10% for wavelengths in the NIR;

3. Mechanical vibrations and thermal drift affect beam alignment, a major

source of 1/f noise;

4. The electronics including the synthesizers controlling the AOM and the lock-

in amplifier are subject to 1/f electronic noise and Johnson noise.

The 2 MHz modulation reduces much of the high frequency noise, so the low
frequency laser power drifts are the most problematic because noise from drifts
increases with decreasing frequency. Averaging can decrease noise, but it is best to
average over multiple rapid scans rather than averaging longer at each time point or
increasing the sample density per unit time (Wilson and Bartels, 2012). This
approach shifts sampling to a higher frequency, where there is less noise (Wilson

and Bartels, 2012).

There are a number of ways to boost signal in pump-probe
spectroscopy/microscopy. Most obvious, increased laser intensity increases the
amount of signal; however, this may either damage the sample or saturate the
nonlinearity. Given the same average power, decreasing the repetition rate can
increase the amount of nonlinear signal, but a slow repetition rate makes imaging

prohibitively slow and causes increases the risk of high intensity damage
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mechanisms such as 3-photon absorption. If the sample has absorption resonances,
the signal can be improved by pumping on resonance; however, in the case of
melanins, absorption increases with decreasing wavelength, which would mean
pumping in the UV where there is increased scattering and absorption by numerous
other molecules. To enable pump-probe in scattering media such as epithelial tissue,
experiments on melanin use NIR light, although theoretically UV could be used for

imaging thin samples.
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3. MELANIN CHEMICAL ANALYSIS FOR MELANOMA
DIAGNOSIS

Melanoma is cancer of the melanocytes, which are the cells that produce
melanin. Although early melanomas are easily treated with surgical excision, once
melanoma has spread to the lymph nodes and other organs, the five-year survival
rate drops to only 10% (Barth et al, 1995). Therefore, physicians treat potential
cases of melanoma with extreme caution, possibly leading to an increasing number
of false positives. The rates of melanoma diagnosis have risen by 140% between
1986 and 2001, suggesting an epidemic; however, the mortality rate remains
relatively constant (see Figure 7). As there have been no breakthroughs in
melanoma treatment over this time period, the data indicate that melanomas are

over-diagnosed (Welch et al, 2005).
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Figure 7: Incidence and mortality rates of melanoma. Source: National Cancer Institute
Surveillance Epidemiology and End Results
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Over-diagnosis of melanoma is a major public health concern. From a
financial perspective, any diagnosis of melanoma will permanently make an
individual high risk for health and life insurance purposes. The patient will also have
to return to the dermatologist, possibly even a melanoma specialist, for frequent
follow-up visits. From a cosmetic standpoint, the patient will undergo disfiguring
surgery to remove the lesion. For even a relatively thin melanoma (with malignant
cells penetrating 0.75 mm or less into the skin), surgeons remove an additional half
to two centimeter margin of normal skin around the lesion. This is even more of a
problem when the skin is removed from sensitive areas such as the face or the

genitalia.

For thicker melanomas, the surgeon will also take a sentinel lymph node
biopsy, which is removal of the lymph nodes closest to the primary lesion. Lymph
nodes contribute to the immune system: they filter out foreign particles, and they
store cells associated with the immune response such as macrophages and
lymphocytes. Therefore, there are health consequences with having lymph nodes
removed including the risk of lymphedema and compromising the immune system.
Chapter 4.4.2 will present a more in depth discussion of relationship between
melanoma and the immune system. Other than the risks associated this diagnostic
procedure, sentinel lymph node biopsy also has an alarmingly high false negative
rate, which is about fifteen to twenty percent (Testori et al, 2009). The low
sensitivity means that patients who have metastatic melanoma will not immediately
receive the appropriate treatment, giving them a much worse prognosis than those

lucky enough to have positive lymph node biopsies. Preliminary results suggest that
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pump-probe microscopy can provide diagnostic information about lymph node

biopsy sections, so this application warrants further investigation.

The root of this problem stems from a relatively poor understanding of
melanoma cancer biology, making it difficult for physicians to determine which
lesions with early signs of malignancy will progress into a dangerous tumor. The
histopathological criteria for diagnosis are based on the first microscopic
observations of melanoma, which were advanced stage tumors. Some of these
criteria include: mitotic rate, Breslow depth (tumor thickness), and the presence of
ulceration (Dickson and Gershenwald, 2011). These criteria are subjective, so
despite using the same set of criteria, one pathologist may diagnose a particular
lesion as a dysplastic nevus and another diagnose the same one as a melanoma in

situ. In fact, this happens in roughly fifteen percent of cases (Shoo et al, 2010).

Despite the uncertainty of the diagnosis, rather than leaving a suspicious
lesion in and risking a patient’s life, physicians treat a lesion that meets just a few
criteria as a melanoma, but this drives up healthcare costs and subjects patients to
unnecessary surgeries. Physicians need diagnostic criteria that are better at
predicting which lesions are most dangerous. Melanin chemical information, not
easily assessed on a microscopic scale, has never been used by pathologists as a

diagnostic tool.
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3.1 MELANIN CHEMISTRY IN MELANOMAS

One rule of thumb that physicians use to help identify melanomas is known

as the “ABCDE-rule”, which stands for:

Asymmetrical lesion;

Borders are uneven;

Color is not uniform;

Diameter is larger than 6 mm;

Evolution of lesion over time.

Focusing specifically on the color criteria, a clinically concerning feature is a variety
of colors such as red, brown, black, and blue. These colors come from the presence
of blood and melanin. This clue points to melanin chemistry as a potential indicator
of melanoma. To assess the colors of the lesion, dermatologists currently use a tool
composed of a magnifying glass and a bright light, known as a dermatoscope, but
pump-probe has the potential to be a more sophisticated measurement of melanin

chemistry.

Another hint that melanin chemistry may be altered in melanomas is the
observation that individuals at highest risk of melanoma are Fitzpatrick skin type 1,
which means they have red hair, freckles, fair skin, and are incapable of tanning. Red
hair contains a high percentage of pheomelanin, so it is possible that pheomelanin is

involved in the development of melanoma. This is reasonable considering
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pheomelanin’s ability to act as a pro-oxidant and consume cellular reserves of anti-

oxidants (Panzella et al, 2014).

Conversely, dermatologists have found that melanomas tend to be darker in
color than most moles, possibly even black (Lazova and Pawelek, 2009). The dark
color could result from simply an increase in melanin production, but it could also
be related to the melanin chemistry. Malignant melanomas may have a higher ratio
of eumelanin to pheomelanin, or the melanin itself may be altered in some way that
makes it appear darker such as digestion through autophagy (Lazova and Pawelek,

2009).

Diffuse reflectance spectroscopy is a less subjective way than bright field
microscopy to measure how black a lesion appears. Because eumelanin absorbs
more uniformly across the visible spectrum than pheomelanin, diffuse reflectance
spectroscopy can approximate the ratio of melanin types in tissue based on the
absorption spectrum. The exponential decay constant of the diffuse reflectance
spectrum of a variety of lesions revealed that compared to dysplastic nevi (an
abnormal but benign mole), melanomas have a lower decay constant, indicating a

higher ratio of eumelanin to pheomelanin (Zonios et al, 2008).

Other groups have found evidence in support of elevated levels of eumelanin
in melanomas. Eumelanin breaks down in the body into DHI and DHICA. In the liver,
DHICA is O-methylated in the liver into 6-hydroxy-5-methoxyindole-2-carboxylic
acid (6H5MI2C) and 5-hydroxy-6-methoxyindole-2-carboxylic acid (5SH6MI2C)

(Hara et al, 1994). After O-methylation, DHI derivatives are conjugated with
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glucuronic and sulfuric acid, and then the isomers of these molecules (5-hydroxy-6-
methoxyindole and 6-hydroxy-5-methoxyindole) are excreted in the urine (Hara et
al, 1994). One study analyzed the plasma levels of melanin metabolites in three
groups: normal patients, patients with localized melanoma, and patients with
metastatic melanoma (Hara et al, 1994). The results showed that increased levels of
the eumelanin metabolite, 6H5MI2C, is associated with melanoma metastases and a
worse prognosis (Hara et al, 1994). Patients with melanomas over 3 mm thick or
those with thinner melanomas with metastases tended to have increased levels of
6H5MI2C (Hara et al, 1994). The eumelanin metabolite was a more specific and
reliable indicator of melanoma metastases than the pheomelanin breakdown
product, 5-S-cysteinyldopa (5-S-CD), which was normal in all of the groups (Hara et

al, 1994). Interestingly, 5-S-CD tends to elevate after UV-exposure (Hara et al, 1994).

In agreement with the melanin metabolite study, pump-probe microscopy
has revealed that melanomas tend to have a higher ratio of eumelanin to
pheomelanin compared to dysplastic nevi (Matthews et al, 2011a). After first
characterizing melanins with spectroscopy, analysis of pathology slides of human
skin biopsies showed that lesions became increasingly eumelanic with increasing

clinically concerning diagnosis, shown in Figure 8.
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Figure 8: The average percent eumelanin found on 5 um cross sections of skin biopsies
according to their respective diagnoses. All melanomas contain at least 38% eumelanin.
Figure reproduced from Matthews et al, 2011a.

3.2 PuMP-PROBE SPECTROSCOPY PRODUCES MELANIN MOLECULAR CONTRAST

With 720 nm pump pulses and 810 nm probe pulses, Sepia eumelanin and
synthetic pheomelanin, which is L-Dopa oxidized with tyrosinase in the presence of
excess cysteine (Ito, 1989), have different pump-probe responses. Sepia eumelanin
has an instantaneous negative signal when the pulses are overlapped in time and a
positive excited state absorption shortly thereafter that decays within
approximately one picosecond (Matthews et al, 2011a). Synthetic pheomelanin has
a nearly instantaneous negative signal (Matthews et al, 2011a). The average pump-

probe responses are shown in Figure 9.
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Figure 9: Pump-probe response of Sepia eumelanin and synthetic pheomelanin embedded in
1% agarose gel. Thin slices of melanin-containing agarose make a skin phantom that is less
susceptible to heating artifacts. 720 nm pump with 810 nm probe. Figure adapted from
Simpson et al, 2013a.

Taking a pump-probe image when the pulses are overlapped in time shows
the location of both types of melanin because all melanins have a negative response,
although the intensity of the negative response depends on a variety of factors,
which will be discussed in Chapter 4. Taking an image when the probe pulse is
delayed by approximately 0.3 ps gives an approximation of the amount of eumelanin
present because pheomelanin should have either a negative signal at that time delay
or no signal at all, whereas eumelanin is the only source of positive signal. An

example of an image taken at these two time points is shown in Figure 10.
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Stratum corneum

Figure 10: Pump-probe image of an unstained paraffin-embedded skin cross section with the
pulses overlapped in time (A) or the probe delayed by 0.3 ps (B). Arrow points to surgical ink,
which should be ignored. Box 1 highlights pixels behaving as pheomelanin, and pixels in box 2
have a response similar to eumelanin. Scale bar is 10 pm. Figure is reproduced from Matthews

etal, 2011a.

Although taking images at two time points gives an estimate of the amount of
eumelanin and pheomelanin present, it is incapable of precisely classifying the type
of melanin because the negative and positive signal contributions from eumelanin is
not fixed. In other words, the intensity of the positive signal for eumelanin does not
scale predictably with the intensity of the negative signal; instead, it varies
depending on the exact power delivered, so one cannot simply subtract the
eumelanin negative signal contribution to calculate the amount of pheomelanin.
This is the case because the positive and negative signal contributions have different
power dependencies, which will be discussed in more detail in Section 4.3. Because
simple arithmetic does not accurately classify melanins, we analyze the pump-probe
response of each pixel by collecting a stack of images at variable interpulse delay.
This data acquisition method produces a data set similar to a hyperspectral cube.
Using the image stack enables the use of several approaches to solve the melanin

classification problem.
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3.3 MELANIN CLASSIFICATION METHODS

Ideally, the pump-probe response of a melanin standard could be compared
to the exact quantity of the pure eumelanin or pheomelanin giving rise to that
signal; this would allow quantitative classification of melanins and mixtures of
melanins based on their pump-probe responses. Unfortunately, this is impossible
for a number of reasons. First, a source of pure human pheomelanin does not exist.
Second, because melanins are insoluble, it is impossible to know exactly what
concentration of melanin is producing the pump-probe response in a spectroscopy
set-up. In the microscopy experiment, it would be difficult to ensure three-
dimensional imaging of an entire sample that is large enough for degradation
analysis, which is 2 mg of hair or 5 mg of tissue (Ito and Fujita, 1985). Third, as I will
show in Chapter 4, the pump-probe response is sensitive to many factors including
aggregate size, oxidation state, and metal content; these factors, which are
inherently related, would have to be perfectly controlled in order to isolate the

single variable of chemical composition.

Although pump-probe spectroscopy/microscopy cannot quantify the exact
amount of melanin, it can help to classify melanins by comparison to internal or
external standards, and this allows an approximation of the relative amounts of
melanin. This could be done in theory by imaging a portion of a standard, such as a
human hair, to get the average eumelanin to pheomelanin ratio, and then
performing degradation analysis on the entire hair to find the correct ratio, but this
would make the false assumption that melanins in human tissues are

homogeneously distributed. Instead, we focus on signal processing techniques that
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use either non-human external standards or internal human standards to serve as
end-members: principal component analysis (Matthews et al, 2011a), linear spectral
decomposition (Simpson et al, 2013a), and phasor analysis (Simpson et al, 2013b,

Robles et al, 2012).

3.3.1 PRINCIPAL COMPONENT ANALYSIS

Principal component analysis (PCA) decomposes a data set into the
uncorrelated variables that describe the variance in the system. It is a way to
determine orthogonal components that contribute to the observed signals and
measure the extent to which those independent components contribute to the

variance.

From pathology slides of a variety of skin lesion biopsies, 137 regions of
interest were selected; PCA was performed on this data set (Matthews et al, 2011a).
PCA uncovered two components that explained 98% of the variance in the system
(Matthews et al, 2011a). Components are shown in Figure 11. Fitting the
components to the spectroscopic standards, Sepia eumelanin and synthetic
pheomelanin, revealed that the pump-probe response of pheomelanin is almost
entirely principal component two, whereas Sepia eumelanin is a linear combination
of principal components one and two (Matthews et al, 2011a). This method
facilitates classifying pixels as either eumelanin or pheomelanin based on the
coefficients of the linear combination of the components that fit the pixel’s pump-

probe response. With this technique, skin biopsy slides were analyzed, and it was
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concluded that melanomas contain more eumelanin than non-malignant lesions

(Figure 8).
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Figure 11: Loadings plot showing the first three principal components from the tissue regions
of interest. Figure reproduced from Matthews et al, 2011a.

Because the eumelanin and pheomelanin standard curves could be fit with
linear combinations of the principal components, Matthews et al. attributed all of
the variation in the pump-probe response of the tissue sections to variations in the
eumelanin and pheomelanin content. As we will show, however, interpreting signals
with sets of non-orthogonal decay curves is not this simple: the linear combination
of components one and two could fit an infinite number of curves, which are not
necessarily involved in this system. Even worse, the coefficients of the linear
combination of the components are negative for some pixels, making them

impossible to classify. Those pixels suggest that the model does not fit the data well.

3.3.2 LINEAR SPECTRAL DECOMPOSITION

Another classification technique is directly fitting the pump-probe response

of a pixel to a linear combination of the melanin standard curves, also known as
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spectral unmixing or decomposition. Where PCA discarded information (namely,
principal component three) and required fitting of both the standard set and the
data set, linear spectral decomposition uses the entire data set and fits only the data
set; this causes less fitting error. The relative contributions of eumelanin and

pheomelanin are calculated from the coefficients in the linear combination.

Similar to PCA, this technique requires a priori knowledge of the behavior of
all of the sources of pump-probe signal. If that model is incorrect, just like with PCA,
the results might be unphysical; for example, a pixel may be classified as containing
negative amounts of pheomelanin. There are two ways to address these pixels:
either delete them as if they were simply noise pixels, discarding potentially
valuable information, or delete the negative component and assign them as pure
eumelanin, which is likely also incorrect. Instead, the best solution is to use a

method that does not require a priori knowledge of the system.

3.3.3 PHASOR ANALYSIS

Phasor analysis is a technique commonly used in fluorescence lifetime
imaging microscopy to separate fluorescent components without prior knowledge
of exactly which components are present. It is more resilient to small fluctuations in
the pump-probe response that occur with slight power and alignment differences
because the endmembers are determined from the image itself rather than previous
measurements of melanin standards. Each pixel’s pump-probe response is
decomposed into its sinusoidal and co-sinusoidal contributions at a given frequency

(assigned s(w) and g(w), respectively). These contributions are plotted against one
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another on a phasor plot, and pixels with similar responses cluster together,
naturally identifying the endmembers in a system. An example of pump-probe
responses and their corresponding position on the phasor plot is shown in Figure
12. By adapting the technique to accommodate a bipolar signal, it can identify
signals contributing to the complex pump-probe response (Robles et al, 2012). The
color scale for an image, then, is based on the clusters of pixels that emerge and the

extrapolation between those clusters.
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Figure 12: Pump-probe responses of pigments found in skin biopsy cross sections and
simulated mixtures of eumelanin and pheomelanin (a), and corresponding phasor plot (b).
s(w) is the sinusoidal component, and g(w) is the co-sinusoidal component, where w = 1/2

THz. Figure adapted from Robles et al, 2012.

All of these signal processing methods have been used in this research for
melanin classification to explore a variety of pump-probe imaging applications, from

studying melanoma biology to fossilized cuttlefish ink.

3.4 MELANIN CONTRAST FOR MELANOMA BIOLOGY

Because pump-probe microscopy is one of the only methods for
differentiating eumelanin and pheomelanin in situ on a cellular or subcellular scale

(where fluorescence lifetime imaging is the other potential method, see Krasieva et
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al, 2012), this tool has been used to evaluate the distributions of melanins in
unstained, 5 um thick slices of paraffin-embedded skin biopsy cross-sections. These
were acquired through an institutional review board-exempt protocol; they were
previously de-identified by a dermatopathologist and no identifying information

was collected in the study.

3.4.1 MELANIN CONTRAST FOR CELL CLASSIFICATION

A key metric for pathologists is melanocyte density and melanocyte-to-
keratinocyte ratio (Herlyn and Shih, 1994), so it is important to differentiate cell
types (melanocyte, keratinocyte, macrophage, etc.). Also, melanocytes in the dermis
are very concerning (Clark et al, 1969), but macrophages in the dermis are less
concerning. Both can be pigmented, so distinguishing them is not trivial. Melanin

chemistry can be used to aid in the classification of cell types.

In fixed, thin tissue slices, macrophages can be identified by their location in
the collagen and by their coarse pigment (Massi and LeBoit, 2004). Figure 13 shows
examples of macrophages that contain melanin. The melanin tends to be
homogeneous, with mostly a uniform melanin type and that is spatially not changing

rapidly (Simpson et al, 2013a).
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Figure 13: Macrophages containing melanin. Color scale based on linear spectral
decomposition. Color scale based on linear spectral decomposition overlaid on
fluorescence/SHG gray-scale background. Pump-probe response is projected onto melanin
standards, Sepia eumelanin (red color) and synthetic pheomelanin (green color). Standard
spectra are shown in Figure 9. Images were acquired with a 60x, 0.9 NA objective with 0.5 mW
total power. Scale bar is 10 pm. Figure adapted from Simpson et al, 2013a.

Most of the macrophages observed appeared to contain mostly melanin with
a eumelanin-like response (GSB and ESA), even in cases where the epidermal
melanin mainly had a pheomelanin-like response (only a GSB) (Simpson et al,
2013a). This is consistent with previous findings that melanosomes, including
associated proteins, are broken down in phagocytes but the melanin is not, and that
pheomelanin is likely broken down more readily due to its increased solubility
(Borovansky and Elleder, 2003). The exceptions to this finding were macrophages
with a pheomelanin-like response, usually found in the malignant regions of
melanomas; an example is shown in Figure 14. If a melanoma is rapidly forming
melanin, then the melanin could be building up in the macrophages; these
macrophages may simply contain pheomelanin that has not yet degraded (Simpson

etal, 2013a).
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As opposed to macrophages, melanocytes tend to have a heterogeneous
melanin distribution (Simpson et al, 2013a). A high-magnification image of a single
melanocyte in a melanocytic nest is shown in Figure 14, with the melanocytic nest
identified by its location near the basal layer and nest-like shape. Collagen, which
appears in the second-harmonic generation/fluorescence channel (shown in gray
scale) helps to identify the location of pigmented cell. In the nests, the melanin tends
to be spatially disorganized, containing melanins with different pump-probe

responses very close to one another.

Figure 14: Melanocytes in melanocytic nests. Left side image shows a single, high resolution
melanocyte. Figure on the right shows a melanocytic nest (N) and a pheomelanin-like
macrophage. Scale bar is 10 pm. Color scheme and imaging conditions are identical to Figure
13. Figure adapted from Simpson et al, 2013a.

Figure 14 suggests that both eumelanin and pheomelanin can be found in the
single melanocyte, which supports the previous finding that individual melanocytes
can exhibit mixed melanogenesis (Jimbow et al, 1983; Ito and Wakamatsu 2008).

Similarly, both eumelanin-like and pheomelanin-like responses were observed in
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single keratinocytes, which is consistent with previous findings based on electron

microscopy (Jimbow et al, 1983).

Also observed in keratinocytes were supranuclear melanin caps, which serve
to protect nuclei from the damaging radiation of the sun (Kobayashi et al,
1998). Figure 15 shows examples of supranuclear melanin caps, both cross sections
of caps (Figure 15 a) and an en face cap (Figure 15 b). In particular, a z-stack of
an en face cap in a 5 pm slice shows the contour of the cap, which is rendered in
three-dimensions in Figure 15 (c). This also highlights the high resolution z-

sectioning capability of pump-probe microscopy.
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Figure 15: Examples of supranuclear melanin caps: cross sections (a,d) and en face (b). a, b,
and d have the same color scheme and imaging conditions as Figure 13. c: A melanin cap (from
b) is rendered in three-dimemsions with the height approximately 5 um. Scale bar is 10 pm.
Color scheme is total melanin content based on the signal intensity when pulses are
overlapped. Figure reproduced from Simpson et al, 2013a.

Logically, the most efficient approach for the supranuclear caps to protect
nuclei would be for the caps to point toward the source of the radiation (the skin
surface), but cell signaling is directed from living cells, not the dead stratum
corneum. Imaging cells at high magnification shows that melanin caps point
perpendicular to the basal layer and not necessarily toward the skin surface (Figure
15 d). This supports the previous report of melanin caps covering the apical pole of

a cell’s nucleus and not necessarily the top of the skin (Corcuff et al, 2001).
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One of the most important findings based on high resolution melanin
imaging is the observation that the melanin response varies based on the melanin’s
location in the skin, whether epidermal or dermal (Simpson et al, 2013a). Phasor
analysis separates the response of melanin in the epidermis from melanin in the
macrophages, as shown in Figure 16. A skin biopsy cross-section is shown, along
with the spectra of dermal and epidermal cells. The color scheme is based on each

pixel’s location on the phasor plot.

Modulation transfer

Type of eumelanin

Figure 16: Skin biopsy cross-section image. Images are oriented with the stratum corneum on
the far left (highlighted in blue in (a)). Approximately the left-hand side of (a) and (c) are the
epidermis, and the right side is the dermis. Raw pump-probe signal at 0.3 ps is shown in (a).
The corresponding pump-probe delay curves are shown in (b). The image is recolored in (c)
according to pixel location in (d). Figure reproduced from Simpson et al, 2013a.

Melanin in macrophages tends to have an ESA but lack a GSB when the pump
and probe are overlapped compared to eumelanin in the epidermis. This shows that
the response of human melanin deviates from the response of the Sepia eumelanin

and synthetic pheomelanin standards, and this demonstrate the weakness of the
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melanin classification techniques that rely on a priori knowledge of all pigments
contributing to the pump-probe response. The different pump-probe responses of
melanin in the dermis versus the epidermis can be used as an alternative standard
for techniques requiring a priori knowledge, but that still makes the assumption that
the system is now completely understood, which is likely not the case. However,
without making any assumptions about the end-members, phasor can separate
populations of melanin in the epidermis and in the macrophages, helping to

discriminate macrophages from melanocytes (Simpson et al, 2013a).

For the pump-probe responses to vary, melanin in these different cell types
must have chemical differences from one another that are a result of something
other than the class (eumelanin or pheomelanin). Because the proteins contained in
melanosomes degrade in the macrophages but not the melanin itself (Borovansky
and Elleder, 2003), it is possible that the melanin becomes physically concentrated,
accounting for its dark, granular appearance. Another possibility is that melanin
undergoes oxidative degradation in the macrophage. Macrophages contain
phagosomes, which are vesicles filled with superoxide anion radicals and hydrogen
peroxide; this harsh oxidative environment could cause chemical changes to the
otherwise stable melanin molecule (Borovansky and Elleder, 2003). Chapter 4 will
further explore the variations in the pump-probe response with melanin chemical

changes.
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3.4.2 MELANIN CONTRAST IN INVASIVE MELANOMAS

The Breslow depth is one of the best prognostic factors available to
pathologists to determine the metastatic potential of a melanoma (Balch et al,
2001). The usual treatment regimen for a thin melanoma (those less than 1 mm) is
surgical excision and frequent follow-up appointments with a dermatologist to
watch for recurrences. Normally, these patients do not undergo lymph node biopsy
to check for metastases. However, several studies have shown that thin melanomas
are capable of metastasizing; in fact, a study on melanomas with Breslow depth
below 0.76 mm found that 18% metastasized (Slingluff et al, 1988), and another
study on melanomas between 0.75 mm and 1.0 mm found that 15% will metastasize
(Kalady et al, 2003). With this, one could argue that all patients with melanomas
should have their lymph nodes screened for metastases, but that requires additional
surgeries and would likely waste an enormous amount of resources. Current
technology does not provide pathologists with adequate information to determine

which thin melanomas should be treated most aggressively.

To gain insight into which thin melanomas are the most aggressive, |
compared the melanin chemistry of melanomas that metastasized, as determined by
a positive sentinel lymph node biopsy (SLNB) result, to melanomas that did not
metastasize or recur, as determined by a negative SLNB or at least ten years without
recurrence. In seven cases of melanoma where melanin was found in the epidermis
in the region demarked as malignant by a dermatopathologist, melanin in those
cases with positive SLNBs tended to have a pump-probe response more similar to

eumelanin than pheomelanin according to linear spectral decomposition
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classification, see Figure 17(cases with positive SLNB) and Figure 18 (cases with

negative SLNB).

in situ

Figure 17: SLNB positive melanoma biopsy cross sections. The Breslow depth measured for
each slide is indicated in the bottom right corner in each case. In situ is given instead of a
Breslow depth if the malignant cells do not penetrate past the basal layer. Color scheme is
based on linear spectral decomposition using standards from Figure 9. Scale bar is 100 pm.
The bright green line in the upper right image (Breslow depth = 0.90 mm) is surgical ink,
which is often misclassified as GSB melanin but can be identified as surgical ink based on the
location and shape.
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Figure 18: SLNB negative melanoma biopsy cross sections. The Breslow depth measured for
each slide is indicated in the bottom right corner in each case. Color scheme is based on linear
spectral decomposition using standards from Figure 9. Scale bar is 100 pm.

It should be noted that lesions in Figure 17 have greater Breslow depths on
average than lesions in Figure 18, which may lead to the false conclusion that the
melanin chemistry is simply linked to the Breslow depth, which pathologists can
measure easily. Figure 19 shows two biopsies of nearly equal Breslow depth where
the SLNB positive case has much more epidermal eumelanin than the SLNB negative

counterpart.
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Figure 19: Skin biopsy cross sections of melanomas with negative (upper) and positive
(lower) SLNB results. Color scheme is based on linear spectral decomposition from Figure 9.
Dotted lines indicate the location of the bottom of the stratum corneum. The epidermis is
located just below the stratum corneum. Circles indicate regions of malignancy in the
epidermis. Scale bar is 1 mm.

The trend of an increased eumelanin-like response to pheomelanin-like
response ratio in SLNB positive lesions compared to negative ones was only
observed in melanin in the epidermis. As previously discussed, melanin in
macrophages tends to resemble eumelanin, although it can appear pheomelanic in
melanomas (Simpson et al, 2013a). In Figure 19 melanin in the epidermis of the
SLNB negative lesion tends to be pheomelanic, but the macrophages below contain a
variety of pigment types. Consistent with previous findings, macrophages near the
regions of malignancy tend to have mostly pheomelanin-like melanin, while the

majority of macrophages near the normal skin appear to contain eumelanin.

Other than gaining insight into the melanin chemistry in the most aggressive

melanomas, analyzing melanomas with known SLNB results resolves a weakness in
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the previous work: the high discordance rate among pathologists. Using the
pathologist’s diagnosis as the gold standard of diagnosis means the new diagnostic
technique of pump-probe microscopy can never improve upon pathological
diagnosis. Therefore, it is important to know, based on SLNB results, that the
melanoma diagnosis used for comparison is accurate: only a true positive melanoma
can metastasize, whereas a lesion diagnosed as a melanoma that shows no signs of
metastasis or recurrence is suspect. In an on-going project, analyzing many archived
samples with known SLNB results and/or with many years of patient follow-up will
help to refine signal processing methods for classification of skin lesions. As
previously discussed, like the primary diagnosis, the SLNB also has a relatively high
uncertainty associated with it. Basing our studies purely on patient outcome, thus
eliminating the uncertainty associated with the primary and SLNB diagnosis would

be ideal for a future study.

3.5 LASER SAFETY CONCERNS WITH IN VIVvOo PIGMENTED LESIONS

An intriguing application for this technology is the investigation of human
melanin in vivo. Indeed, preliminary results have found that pump-probe
microscopy can access melanin chemistry in human xenograft mice (Matthews et al,
2011b; Wilson et al, 2012). However, before human trials begin, we need to
consider the many mechanisms by which NIR pulsed lasers may cause damage to
skin. These include free-radical production, thermo-mechanical damage, and direct

damage of DNA via 3-photon absorption.
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3.5.1 LASER-INDUCED MELANIN FREE RADICAL PRODUCTION

As reported by Kerimo et al. and as I will show in Section 4.3, the damage

threshold of one milliwatt average power focused with a 0.75 NA objective
(~3 x 10° %) for continuous wave or 80 MHz pulsed NIR laser exposure suggests

that in applications where higher average power is used, the melanin may be altered
or damaged. Multi-photon and fluorescence lifetime microscopy of the epidermis
applies between 20 and 45 mW of average power to the skin (Benati et al, 2011),
and although the exact power delivered depends on the imaging depth, this power
level could easily damage melanin in the epidermis. The damaged melanin not only
has decreased photo-protective efficiency but may also release free radicals into the
tissue (Riesz et al, 2006). We must determine the extent of free-radical production
under pump-probe imaging conditions, and this study should include a variety of
skin types to account for differences in free-radical production for different amounts
and types of melanin. One approach to determining the amount of oxidative stress
induced by power levels required for pump-probe imaging is to expose ex vivo skin
biopsies with a variety of pigment levels to typical imaging conditions and then
measure the levels of oxidative stress. To measure oxidative stress, there are several
options. One is measuring NADH via its fluorescence lifetime. Another is using
electron paramagnetic resonance spectroscopy with either a radical marker such as
the ascorbate radical or a spin trap such as 5,5-dimethyl-1-pyrroline N-oxide

(Haywood et al, 2008).
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3.5.2 LASER-INDUCED THERMAL DAMAGE

When using a Ti: sapphire laser operating at 80 MHz for two-photon imaging
of pigmented lesions, a major damage mechanism is thermal-mechanical (Masters et
al, 2004). Melanin absorbs laser light and efficiently converts the energy to heat, and
the heat leads to cavitation via explosive evaporation (Masters et al, 2004), which
occurs around 110 °C (Jacques and McAuliffe, 1991). Because the repetition rate is
much faster than the rate of diffusion of heat, heat is periodically deposited and the
average temperature increases over the total exposure time. The maximum
temperature can be predicted based on a heat diffusion model (Equation 9, from

Masters et al, 2004).

— mcumulative pulse _ [”aEfp ( Ztres)] [ UgE ]
Tmax Trax * Tmax 4tk In{1+ Tc + 2mKeTC (©)

where E is the energy of each pulse, f, is the laser repetition
rate, k: is tissue thermal conductivity, z. is the thermal time

constant, and trs is the pixel dwell time (Masters et al, 2004).

Because the cumulative heat deposition has a greater contribution than heat
deposited from an individual pulse under typical multi-photon imaging conditions,
thermal damage can be minimized by reducing the pixel dwell time, the repetition
rate, or the pulse energy (Masters et al, 2004). Reducing the repetition rate would
make imaging prohibitively slow; however, if the pulse energy remains low enough
to preserve melanin chemical information, then thermal deposition should not be a
problem. The best approach in our system is to reduce pixel dwell time and instead

averaging many images. Averaging several images allows heat to diffuse between
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image acquisitions and has the added benefit of also reducing low frequency noise

(as discussed in Section 2.3).

3.5.3 THREE-PHOTON ABSORPTION DNA DAMAGE

Peak linear absorption of DNA is 260 nm, and laser irradiation at this
wavelength induces DNA strand breaks. Three-photon absorption of NIR can also
cause DNA strand breaks and produce photo-degradation products similar to one
photon UV absorption (Trautlein et al, 2010). Ironically, the technology we are
developing to detect melanoma could inadvertently cause DNA damage. Based on an
ex vivo comparison of DNA damage induced by UV irradiation and damage caused by
typical NIR multi-photon imaging system (between 15 and 60 mW average power, ,
depending on the depth of focus), having a multi-photon image taken causes less
damage than a sunburn (less than the minimal erythema dose) (Fischer et al, 2008).
To minimize risk of DNA damage, Fischer et al. suggest individual areas are only
imaged once every 3-6 months and the lifetime exposure of an individual area is
limited to 10 images (Fischer et al, 2008). Before human testing of melanin pump-

probe imaging, we will have to assess DNA damage resulting from laser exposure.
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4.. FACTORS AFFECTING THE PUMP-PROBE RESPONSE OF
MELANINS

Characterizing the factors that influence melanin’s pump-probe response has
important applications for melanoma research. It was shown in Chapter 3 that Sepia
eumelanin and synthetic pheomelanin have different pump-probe responses at 720
nm pump, 810 nm probe; however, the pump-probe response can vary within these
classes of melanin. The pump-probe response of melanin, though stable for millions
of years, is sensitive to changes in the chemical and physical properties of the
melanin. Variations in the chemical composition of the melanin, such as bound metal
ions and other small molecules, change the pump wavelength-dependence of the
spectral hole bleaching experiment. For example, iron bound to melanin causes the

GSB to persist at longer wavelengths than iron-free melanin.

This chapter also reports the melanin response at varying power levels. The
ESA and GSB have different power dependencies, making the ESA dominate the
response at high power in all types of melanin. At very high power levels, melanins
undergo irreversible photo-oxidative damage. Both photo- and chemical-oxidation
increase the proportion of ESA compared to GSB. Because oxidation and the removal
of metal ions also affect the fluorescence yield, I hypothesize that oxidation actually

breaks the metal-melanin bond or selectively destroys metal-rich melanin granules.

4.1 MELANIN CONTRAST IS RESILIENT TO AGING

As discussed in Chapter 3, using archived tissue with extensive patient
follow-up information, we can deduce an accurate diagnosis - this effectively

eliminates the pathologist’s uncertainty. This allows the development of signal
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processing methods for skin lesion classification. However, many
immunohistochemical markers degrade with age (Xie et al, 2011), so it is important

to verify that the pump-probe response of melanin is resilient to the aging process.

Fortunately, paleontologists are also interested in melanin as a natural
biomarker. In paleontology, melanin provides access to the coloring of ancient
organisms (McNamara, 2013). This is possible because, unlike the vast majority of
biomolecules, melanin is stable enough to survive for millions of years. Direct
chemical analysis has confirmed the similarity between eumelanins from Jurassic
and modern cephalopods, showing that eumelanin can resist degradation for over
160 million years (Glass et al, 2013). Because melanin is poorly understood,
chemical analysis of the Jurassic eumelanin does not by itself guarantee that the
feature giving rise to the pump-probe response is preserved for millions of years;
for this reason, we decided to image Jurassic eumelanin to determine the long-term

stability of the pump-probe eumelanin signature.

Pump-probe imaging of the unpurified contents of the Jurassic cephalopod
(GSM 122841) ink sac revealed a molecular signature resembling purified
eumelanin from the ink sac of its modern counterpart, Sepia officinalis; this
signature was not present in the fossil background sediment (Simpson et al, 2013b).
The average pump-probe response of selected regions of melanin-like pixels in the
fossil is shown as the solid, cyan line in Figure 20; the response of the purified
modern eumelanin is shown as the dashed, magenta line. The signal is negative

when the pump and probe pulses are overlapped in time (at t = 0) and is most likely
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a ground state bleach (Ye et al, 2009). It is followed by a positive signal when the

pump precedes the probe (t > 0), attributed to an excited-state absorption signal.
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Figure 20: Average pump-probe response of unpurified eumelanin from the fossil compared
to purified eumelanin from S. officinalis. 720 nm pump with 810 nm probe, 0.4 mW total
power with a 40x, 0.75 NA objective. Signals are normalized to the positive peak for
comparison. Figure reproduced from Simpson et al, 2013b.

4.2 METAL I0ONS ASSOCIATED WITH MELANIN

The fossil ink also contained particles that did not have a response
resembling that of the modern, purified eumelanin. Lacking a priori knowledge of
the pump-probe responses of all possible components in the fossil, we turn to
phasor to identify particles have a pump-probe response different from that of
purified Sepia eumelanin. The phasor plot of the fossil eumelanin is shown in Figure
21 (a). The average responses of regions circled in Figure 21 (a) are shown in Figure
21 (b). The phasor plot is a histogram of all the pixels in the pump-probe image

(shown in Figure 21 c), and pixels that behave similarly cluster together and are
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colored based on the location of their clusters. The behavior of pixels in a cluster are

averaged together to represent the average response giving rise to the signals.
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Figure 21: a: Phasor plot at 0.25 THz showing clusters of pixels with similar response at 720
nm pump and 810 nm probe in the unpurified fossil eumelanin. The color bar shows the color
scheme used for pump-probe images, where pixels falling into the circles are colored
accordingly, and pixels between those are interpolated accordingly. b: Average pump-probe
response of pixels in corresponding regions of the phasor plot. c: Pump-probe image of the
fossil eumelanin on a glass slide with pixels false colored according to the color scheme
illustrated in part (a). d: Pump-probe image of purified S. officinalis eumelanin on a glass slide
with pixels colored according to the phasor color scheme. Scale bars = 100 pm. Figure
reproduced from Simpson et al, 2013b.

The data in Figure 21 (a) are clustered about two extremes, region 1, circled
in red, and region 2, circled in dashed green. Pixels in the pump-probe image in
Figure 21 (c) with behavior similar to the positive signal, characterizing region 1,
are false-colored red; and those with the negative signal, characterizing region 2, are

false-colored green; intermediate behavior is colored a shade of yellow according to
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an interpolated path shown in Figure 21 (a). The average eumelanin signals in
Figure 20 can be represented as linear combinations of the response from regions 1
and 2 in Figure 21 (a). Eumelanin from S. officinalis is most similar to region 1, with
very little contribution from region 2, so it appears red-orange in the corresponding

pump-probe image (Figure 21 d).

To determine the source of pixels in region 2, which are not present in the
modern purified eumelanin (Figure 21 d), we considered the molecular components
that naturally occur in unpurified modern cephalopod ink, as well as the organic and
inorganic species associated with fossil inks (Glass et al, 2013). As a control, we
analyzed apatite, a diagenetic mineral (formed by the process of sediment turning
into sedimentary rocks) that is associated with the fossil ink in relatively high
concentrations (Glass et al, 2013), but it failed to produce any pump-probe signal.
This was not surprising considering apatite is an inorganic mineral containing
mainly calcium, chloride, and phosphate ions, so it was unlikely to have any
significant absorption in the NIR. The responsible material must have an electronic
excited state with sufficiently low energy to allow a visible/NIR absorption, which is
rare in organic molecules (and requires conjugation). Visible/NIR absorption is
common in transition metal complexes with unfilled d-orbitals because the ligand
field splits the normally degenerate d-orbitals into different levels with small
enough energy differences to absorb visible/NIR. Eumelanin from S. officinalis is
normally bound to a variety of transition metals such as manganese, iron, copper,

cobalt, palladium, and nickel (Liu et al, 2004), and these metals are so persistent
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that they can be used as a biomarker for the presence of eumelanin even in fossils

(Wogelius et al, 2011).

4.2.1 EFFECT OF METAL IONS ON THE PUMP-PROBE RESPONSE OF MELANINS

Washing melanins with EDTA can remove the majority of bound metals (Liu
et al, 2004). Figure 22 compares the pump-probe response of pure eumelanin from
S. officinalis before and after EDTA-washing (shifting the iron-concentration from
180 ppm to 30 ppm according to Liu et al, 2004). The EDTA-washed eumelanin has
aresponse similar to the red pixels in Figure 21 (b) with no green-colored pixels
contributing to the signal. This suggests that metal-bound eumelanin is the source of
pixels in region 2 and metal-free eumelanin is the source of those in region 1. Direct
confirmation of the difference in metal content between the fossil and modern S.
officinalis eumelanin was not possible, as it would require the destruction of the

fossil sample.
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Figure 22: Average 720 nm/810 nm pump-probe response of S. officinalis eumelanin washed
with EDTA and unwashed. Traces are averaged from images in Figure 21 (d) and Figure 23 (c).
Figure reproduced from Simpson et al, 2013b.

In order to confirm the effect of bound metals on the pump-probe behavior of
eumelanin, [ compared Sepia eumelanin loaded with iron and copper. Iron(III) and
copper(Il) were chosen because they are transition metals with available d-orbitals
that are present in natural Sepia melanin. Eumelanin previously washed with EDTA
was loaded with iron(III) chloride or copper(II) chloride (Liu et al, 2004).

Eumelanin loaded with copper(II) chloride had a pump-probe response identical to
that of EDTA-washed eumelanin. However, iron(III) chloride-loaded eumelanin
showed a response similar to the green pixels in region 2 of the fossil ink (Figure 21
a). In the same color scheme as before, Figure 23 shows that eumelanin washed
with EDTA (30 ppm iron) is the source of the red pixels in region 1, and eumelanin

loaded with iron (27,494 ppm iron) is the source of the green pixels in region 2. The
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yellow/orange pixels in between these two extremes have intermediate levels of
metal content. As shown by the phasor analyses, few pixels in the fossil image are
clustered where the EDTA-washed eumelanin pixels are clustered. Therefore, |
conclude that most of the fossil pigment contains at least some bound metal;

however, the amount varies widely across the field of view.
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Figure 23: a: Pump-probe image of the fossil eumelanin with phasor color scheme. b: Phasor
plot of pixels in the fossil image, showing the color scheme used for the images. c: Pump-probe
image of S. officinalis eumelanin washed with EDTA. d: Phasor plot of pixels in the EDTA-
washed S. officinalis eumelanin. e: Pump-probe image of S. officinalis washed with EDTA, then
loaded with iron(III) chloride. f: Phasor plot of pixels in the iron-loaded EDTA-washed S.
officinalis. Scale bars are 100 pm. Figure reproduced from Simpson et al, 2013b.

The linear combination of the iron-free eumelanin and the iron-loaded
eumelanin could allow an approximation of the iron content based on the shape of
the pump-probe signature. Figure 24 shows the pump-probe response of EDTA-
washed S. officinalis eumelanin loaded with different initial concentrations of
iron(III) chloride. The eumelanin is saturated with iron when the initial

concentration of iron is greater than 1 mM (Liu et al, 2004). Increasing the initial
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iron concentration causes the negative signal when the pulses are overlapped (att =
0) to appear and the positive signal when the pump precedes the probe (t > 0) to
disappear; the 0.25 mM is similar to the S. officinalis eumelanin response given in
Figure 20. This value is approximately in agreement with the reported

concentrations found in natural S. officinalis melanin (Liu et al, 2004).

—10 mM
—2mM
1T mM
0.25 mM
—0mM

Normalized pump-probe signal

-1 0 1 2 3 4
Interpulse delay (ps)

Figure 24: Average 720 nm/810 nm pump-probe responses of iron-loaded S. officinalis
eumelanin obtained by varying the initial concentration of iron(III) chloride. Figure
reproduced from Simpson et al, 2013b.

The decrease in instantaneous negative signal and increase in excited state
absorption signal when removing metals with EDTA was also observed ina 5 pum
thick cross-section of a paraffin-embedded black human hair cross. The hair was
soaked under the same conditions as those used for removing metals from Sepia
melanin according to Liu et al, 2004, 40 mM EDTA at pH 5.8, for varying amounts of
time while imaging periodically (Figure 25 a). The control hair was imaged
repeatedly to ensure it received the same amount of laser exposure (Figure 25 b).

Although the control shows that the decrease in magnitude of the instantaneous
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negative signal can partially be attributed to damage caused by repeated imaging,
the pump-probe response in the experimental hair changes more when EDTA-
washing than when simply imaging repeatedly (Figure 25). Data are normalized to
the maximum signal because the focal position of the sample changed each time it

was removed to soak in the EDTA solution.
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Figure 25: a: Normalized average pump-probe response of a black hair cross section after
soaking the hair in 40 mM EDTA solution at pH 5.8 for increasing amounts of time. b: Average
pump-probe response of a black hair cross section after five pump-probe measurements.

Varying the pump and probe wavelengths from 720 nm pump with 810 nm
probe (used for all previous experiments in Chapters 2 and 3) gives additional
information about the effect of metal content on the pump-probe response. Figure
26 shows the pump-probe response of EDTA-washed Sepia eumelanin and iron-
loaded Sepia eumelanin at 815nm probe, scanning the pump from 700 to 725nm in
5 nm increments. The data are normalized to either positive or negative peaks
(whichever is greater) and smoothed using a 5-point, second degree polynomial
Savitzky-Golay filter to facilitate comparison of the shape of pump-probe response

curves with different SNR levels (Savitzky and Golay, 1964). EDTA-washed
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eumelanin has an excited state absorption for all pump wavelength shown here
(700 nm < Apy < 725 nm), and has a small instantaneous negative signal only for the
lowest energy pump, Apu = 725 nm. Iron-loaded eumelanin has an excited state
absorption at A,y < 710 nm with a longer lifetime, and a negative signal with both
instantaneous and time-delayed components at A,y = 715 nm. The abrupt shift from
negative to positive at 715 nm is most likely an artifact of the normalization
procedure, but the measurement technique makes a more realistic normalization
procedure difficult (eg. optical alighment and sample field of view change with

pump wavelength).
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Figure 26: Pump-probe response of freeze-dried melanins suspended in water to spread on
the glass slide, then allowed to air dry. Probe wavelength is set at 815nm. Pump wavelength is
varied from 700nm to 725nm. Data are normalized to the largest peak, and smoothed using a
5 point, second degree polynomial Savitzky-Golay filter to facilitate comparison of curves with

varying SNR levels. Figure adapted from Simpson et al, 2014.

4.2.2 SIGNIFICANCE OF METAL ION CONCENTRATION IN MELANIN

As discussed in Section 1.2, melanin’s ability to bind toxins such as heavy
metals may be protective or harmful: although melanins sequester metals, the

consequence of this is elevated levels of metals in melanin-rich tissue. Little is
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known about the concentration of various metals in melanomas or even in normal
skin. Degradation analysis is not a viable method for detecting metals in melanin
because the melanins are difficult to isolate from other metal-containing enzymes
and molecules in the skin. Although there are histochemical stains for some metals,
including iron, copper, and zinc, these stains activate by binding to a metal that is
loosely bound such as iron in ferritin. In the case of metals bound to melanins, the
metal is so tightly bound that it would likely not activate the stain. An additional
layer of complexity is the fact that visualizing stains usually depends on a color
change. Because melanin is a dark shade of red /brown/black, a traditional color
change for detection is impractical, so an effective stain would require a clever color
change such as fluorescence activation. If the pump-probe response of melanin is
sensitive to the presence of different metals, this could facilitate the understanding
of the role of particular metals in melanoma development and treatment. The most
interesting metals to explore are copper, iron, and zinc due to their known

associations with melanoma.

4.2.2.1 THE PRESENCE OF COPPER IONS IN MELANIN

Several metals are indirectly or directly involved in melanin production. In
particular, the tyrosinase enzyme, which is involved in several steps in melanin
synthesis in humans and many other organisms, requires a copper ion cofactor. This
may be important in melanoma development, as patients with malignant
melanomas often have elevated serum copper levels (Fisher et al, 1981).
Additionally, high copper exposure (approximated based on copper levels in

toenails) is correlated with an increased risk of melanoma (Vinceti et al, 2005).
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Possible mechanisms to explain this correlation include copper increasing oxidative

stress or abnormal copper metabolism (Vinceti et al, 2005).

In murine melanoma, exogenous copper promotes tumor growth (Pierson,
1985), so decreasing copper levels may slow the growth of melanoma. Copper
chelators are already under investigation at the Duke University Medical Center
(DUMC) as a cancer treatment because copper ions play a critical role in the
mitogen-activated protein kinase pathway (Turski et al, 2012), which controls many
aspects of cell signaling including cell division. If pump-probe imaging can detect
copper levels in melanin, we may be able to gain insight into the role of copper in
melanoma and, in collaboration with DUMC, assess the efficacy of using copper

chelators to decrease copper levels near epidermal melanocytes.

4.2.2.2 THE PRESENCE OF IRON IONS IN MELANIN

Iron also has important functions in melanoma biology. As an example,
depriving melanoma cells of iron, such as through the administration of sodium
ascorbate, which inhibits cellular uptake of iron, induces apoptosis in melanoma
more than in any other form of cancer (Kang et al, 2005). Empirically, melanoma
metastases tend to have elevated ferritin levels (Baldi et al, 2005). On the other
hand, patients with high levels of iron exposure (according to toenail
concentrations) actually have a decreased risk of melanoma (Vinceti et al, 2005), so

these conflicting results deserve further investigation.

The reason iron affects melanoma is unclear. As previously discussed, iron

can increase oxidative stress via the Fenton cycle. Another mechanism is based on
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melanotransferrin, also known as melanoma-associated tumor antigen p97, which is
a non-heme iron binding protein (Rahmanto et al, 2007). Melanoma cells tend to
have an overexpression of melanotransferrin on their surface (Rahmanto et al,
2007). Although this antigen has a strong affinity for iron, the main consequences of
melanotransferrin on melanoma cells are actually angiogenesis, cell proliferation,
and tumorigenesis, rather than greatly affecting iron metabolism or iron uptake
(Rahmanto et al, 2007). Based on these studies, we should explore the iron content

of cutaneous melanomas.

Pump-probe microscopy could also reveal the utility of magnetic resonance
imaging (MRI) for melanoma investigation. The source of MRI signal in melanoma is
believed to be from iron chelated to melanin, but studies to date show that MR
signals do not correlate well to iron content upon analysis (Premkumar et al, 1996).
Pump-probe used in conjunction with MRI may provide insight into the source of

the signal to allow further development of MRI as a diagnostic tool.

4.2.2.3 THE PRESENCE OF ZINC IONS IN MELANIN

Zinc levels tend to be increased throughout the body in patients with
melanoma: serum levels of zinc are also found to be elevated in 86.5% of patents
with melanoma (Ros-Bullon et al, 1998), and testing the concentrations of zinc in
toenails gave similar results, where patients with high levels of zinc exposure have a
slightly increased risk of developing melanoma (Vinceti et al, 2005). When analyzing
zinc levels specifically in melanoma tissue, zinc was found to be concentrated in the

melanosomes (Borovansky and Elleder, 1980). The correlation between increased
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zinc levels and increased risk of melanoma may relate to the enhanced free radical

activity of melanin in the presence of zinc (Andrzejczyk and Buszman, 1992).

Further evidence shows that modulating zinc levels has an effect on
established melanoma tumors: in mouse melanoma, reducing the dietary intake of
zinc slowed the growth and spread of tumor metastases (Murray et al, 1983). Using
pump-probe microscopy to monitor the concentration of zinc locally in the skin
could allow optimization of the dietary intake of zinc to minimize epidermal zinc
levels. In vivo testing would be particularly useful if zinc could be monitored non-
invasively to allow for repeat testing of the same piece of skin rather than
depending on biopsies, which are less reliable because the natural variations in time
and variations in different parts of the skin would be difficult to separate from the
effects of the experimental intervention. This same experiment would also be useful
for monitoring copper levels for optimizing the dose of chelating agents, as

discussed in 4.2.2.1

4.2.3 CONDITIONS FOR DIFFERENTIATING MELANINS

Although the finding that pump-probe spectroscopy is sensitive to iron levels
in melanin will facilitate interesting experiments in the field of melanoma biology, it
also complicates our interpretation of pump-probe signals: Under the conditions
previously used to differentiate eumelanin from pheomelanin (Matthews et al,
2011a), iron-loaded eumelanin shares a similar pump-probe response with

pheomelanin, making them difficult to discriminate. Fortunately, the pump-probe
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response of pheomelanin has different pump-wavelength dependence than iron-

loaded eumelanin, shown in Figure 27.

Synthetic pheomelanin

Normalized pump-probe signal
1

— 725 nm

T T T T T T i
-1 0 1 2 3 4
Interpulse delay (ps)

Figure 27: Pump-probe response of dry pheomelanin. Probe wavelength is set at 815nm.
Pump wavelength is varied from 700nm to 725nm. Data are normalized to the largest peak,
and smoothed using a 5 point, second degree polynomial Savitzky-Golay filter to facilitate
comparison to Figure 26. Figure adapted from Simpson et al, 2014.

There are two possibilities for differentiating the three melanins studied so
far: EDTA-washed Sepia eumelanin, iron-loaded Sepia eumelanin, and synthetic
pheomelanin. Obvious lifetime differences between the iron-loaded and EDTA-
washed eumelanins at shorter wavelengths could discriminate them; however,
relying on lifetime differences requires much higher SNR pump-probe response
curves than simply using signals with opposite signs. Additionally, calculating exact
lifetimes requires very careful control of power levels. Competing processes
contribute to the pump-probe response different amounts based on the exact power

delivered. This will be discussed further in Section 4.3.1.
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A better option is combining information from two different pump
wavelengths, such as 705nm and 720nm. Under these conditions, a pixel that has a
negative instantaneous signal at both wavelengths is pheomelanin, a pixel that has
an excited state absorption at both wavelengths is EDTA-washed eumelanin, and a
pixel that has a negative signal at 720nm but an excited state absorption at 705nm is
iron-loaded eumelanin. Making the two pump wavelengths closer, such as at 710nm
and 715nm, makes the experiment easier to achieve in practice, but it is a poor
choice because at these wavelengths, the signal becomes very weak in the case of
iron-loaded eumelanin as the ground state bleach and excited state absorption

nearly cancel one another.

4.3 POWER DEPENDENCE OF MELANIN RESPONSE

Laser power can have a major effect on the pump-probe response of melanin,
both temporarily and permanently. One must consider the effects of the laser power
on the response in order to ensure reproducible melanin imaging and optimal

contrast.

4.3.1 EFFECTS OF HIGH LASER INTENSITY

Earlier measurements found that at low optical intensities the near-infrared
pump-probe response of melanins scaled linearly with the product of pump and
probe intensities by the standard method of fitting a line to a plotting of the log of
signal magnitude with respect to the log of optical intensity; this revealed that the
pump-probe response requires just one photon from each of the pump and probe
beams (Fu et al, 2007; Piletic et al, 2010). At higher intensities, however, the pump-

probe signal magnitude deviates from this behavior because melanins are photo-
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chemically active and because processes requiring more than one photon from the
pump or the probe begin contributing more. For each sample, data was collected at
nine different pump and probe power levels (restricting intensity to below that
which causes a noticeable change in the pump-probe signal or visible appearance of
the granules upon repeated scanning). Figure 28 shows the resulting power-
dependent responses. Figure 28 (a) shows that the form of the EDTA-washed
eumelanin response does not change appreciably under optical intensities
comparable to Piletic et al, 2010 (our objective NA is greater by a factor of 3, making
the intensity greater by a factor of nine, for the same power), and remains stable
until approximately 0.3 mW total power, at which point visible damage ensues. The
power dependence of the other two pigments is very different at higher intensities.
Figure 28 (b) shows that for the iron-loaded eumelanin, as the total power level
increases, the ground state bleaching signal initially increases, but then it decreases
as it competes with an increasing excited state absorption signal. Synthetic
pheomelanin also has an excited state absorption that grows in with increasingly
high power levels. This excited state absorption competes with the ground state

bleaching signal and shortens its apparent lifetime.
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Figure 28: Pump-probe responses of EDTA-washed Sepia eumelanin, iron-loaded Sepia
eumelanin, and synthetic pheomelanin at varying power levels. Data are not normalized.
Pump wavelength is 720nm, probe wavelength is 815nm. Figure reproduced from Simpson et
al, 2014.

4.3.2 INTENSITY VARIATION THROUGH THE FOCAL PLANE PRODUCES ARTIFACTS

One experimental consequence of power-induced pump-probe response
changes are focusing artifacts: out-of-focus melanin has a different pump-probe
response than in-focus melanin. Similar to the trends shown in Figure 28, as

melanin comes into focus, the signal begins showing more excited state absorption
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signal. An example of this phenomenon is shown in Figure 29 (a); the average
pump-probe response of a 5 um thick slice of a paraffin-embedded black hair is
plotted as a function of the focal position. Given an approximately 1.7 um Rayleigh
range for a 40x objective and the 5 um thickness of the cross-section, the response
at -2 um, 0, and +2 um have melanin in the focal plane, and the other points are
increasingly out of focus. The data are arbitrarily normalized to the negative peak
for ease of comparison, but Figure 28 (b) shows the raw signal at two time points,
which are approximately on the long-lived positive peak and instantaneous negative
peak. Predictably, both peaks increase when in focus, but the positive peak increases
much more compared to the negative peak. In other words, the positive component
is more sensitive to focal position than the negative component. We attribute this
phenomenon to the positive signal having a higher order power dependence than
the negative signal. To avoid this artifact in melanin spectroscopy applications, it is
best to optimize the focal position for the positive, long-lived peak, or better yet,

sample images at several z-positions, as time permits.
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Figure 29: a: Average pump-probe (720 nm pump/810 nm probe) response of melaninina 5
pm black hair cross section as a function of focal position. Data are normalized to the negative
instantaneous peak. b: Unnormalized pump-probe signal intensity at different focal positions.
Instantaneous signal refers to the instantaneous negative peak, and long-lived signal refers to

the excited state absorption peak around 300 fs delay. Time delay positions for (b) are
marked in (a).

Although out-of-focus artifacts are easily overcome when imaging thin
samples, they are also present in thick samples and present more of a challenge to
avoid. Focusing artifacts in thick samples appear as pump-probe signals at 0 fs delay
that are negative when out-of-focus but become positive when in-focus. At times,

the features giving rise to these signals appear hazy, which indicates they are out-of-
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focus, but other times, such as the example in Figure 30, the features appear in-
focus. Figure 30 (a) shows melanin with 0 fs interpulse delay in a xenograft mouse
model of melanoma (refer to Matthews et al, 2011b for more experimental details
on pump-probe imaging of xenograft mice). Figure 30 (b) shows the pump-probe
signal intensity in the two regions of interest marked in Figure 30 (a). Pigment in
region 1 is negative out of focus, but becomes positive in focus. Pigment in region 2
is increasingly negative as it comes into focus. To determine which signals are in-
focus and which are not, several z-positions must be sampled and the behavior of
pigment features compared. Without this sampling, it would be impossible to know

that regions 1 and 2 contain different kinds of melanin.
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Figure 30: a: Image of pigmentation in a xenograft melanoma mouse model. Color scheme is
raw signal at 0 fs interpulse delay. b: Pump-probe signal from regions 1 and 2 in part (a) as a
function of z-position.

4.3.3 POWER-DEPENDENCIES HELP AND HINDER MELANIN DIFFERENTIATION

When the processes contributing to the melanin pump-probe response
curves have different signs, the power effectively modifies the lifetime that is

observed, which eliminates the possibility of using lifetime differences to
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differentiate melanins. Referring back to Figure 28, the increasing dominance of the
excited state absorption in the cases of pheomelanin and iron-loaded eumelanin
shortens the apparent lifetime of the ground state bleach. If one were to calculate a
lifetime for the ground state bleach based on observations at a single power level,
the result would be a function of the relative contributions of the two processes and

their respective lifetimes.

Another complication is the multiple excited states accessible through pump-
probe imaging. Because melanins have such broad absorption spectra, the NIR
pump-probe experiments might access energy levels comparable to ground-state
transitions in the blue/ultraviolet spectral region if two photons are absorbed
simultaneously from the pump or the probe. Such contributions to the response are
nonlinear in either the pump or the probe, and they might be the origin of the
excited state absorption observed in iron-loaded eumelanin and pheomelanin that
grows in with increasing optical intensities. To verify this hypothesis, we attempted
to perform experiments measuring the power dependence of the signal with respect
to each beam, but these have failed due to the uncertainty associated with
measuring low power levels (there is significant pump power drift at low power
levels) and the sensitivity of melanins to permanent optical damage at the power

levels that could be accurately measured.

For differentiating melanins with the two wavelength combinations
(referring back to Section 4.2.3), power levels must be kept sufficiently low to

prevent an excited state absorption from growing into the iron-loaded eumelanin

82



and pheomelanin pump-probe response, as shown in Figure 28. This could make
discriminating melanins more difficult, especially in thick specimens and in vivo,
where the exact optical power delivered to the focal spot cannot be precisely
determined. In imaging experiments, high power levels incident on iron-loaded
eumelanin or pheomelanin could incorrectly suggest the presence of eumelanin
lacking metals. Additionally, increasing the power past saturation will cause
unnecessary damage to the samples without improving the SNR. However, the
differences in the power dependencies may be leveraged for discriminating

melanins when the laser set-up requires that the wavelength is fixed.

4.3.4 MELANIN PHOTOCHEMICAL REACTIONS

At high intensities, the pump-probe response of iron-loaded eumelanin
changes irreversibly. The responses of pheomelanin and EDTA-washed eumelanin
do not undergo irreversible changes in the power limits investigated thus far, so we
focus our attention to eumelanins containing iron. An irreversible change to the
pump-probe response (observed as both a change in pump-probe response form
and a decrease in the magnitude of the pump-probe signal - herein referred to as
pump-probe photo-bleaching) is likely caused by chemical changes to the melanins.
Because high power can also enhance melanin fluorescence (Kerimo et al, 2011), we
investigate how the pump-probe response changes correlate with melanin
fluorescence enhancement. Figure 31 shows images of iron-loaded eumelanin at
four representative power levels. Due to the spatial heterogeneity of these results,
which make averaging an entire field of view an inaccurate way to describe the data,

the pump-probe data in Figure 31 are rendered as false-color images using phasor
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analysis. Each pixel is colored to indicate the degree of similarity to the pump-probe
response of EDTA-washed eumelanin (red) or iron-loaded eumelanin (green).
Fluorescence intensity is overlaid in white. Melanin granules with notable behavior
over the course of the power study are highlighted. The white box (with zoom inset)
shows a melanin granule that first shifts from green to yellow, then pump-probe
photo-bleaches, and finally begins to fluoresce. The magenta arrow shows a granule
of melanin where the pump-probe response form gradually shifts from similar to
iron-loaded eumelanin to resemble that of EDTA-washed eumelanin. When an
image is taken at low power after exposure to high power, the melanin granules
maintain their new pump-probe response, showing that the change is irreversible.
Additionally, changes to the melanin morphology, such as the piece of melanin
shrinking as power increases from 0.3 to 0.7 mW (white box in Figure 31) are
irreversible. Note that the pump-probe response and induced fluorescence is
heterogeneous across the field of view. Kerimo et al. also found that melanin
fluorescence activation takes variable amounts of optical intensity to induce and
that melanin fluorescence was prone to photo-bleach under these conditions.
Fluorescence enhancement was also found in a fraction of the melanin sampled and
most often seen in melanin granules undergoing morphological changes (Kerimo et

al, 2011).
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Figure 31: Images of iron-loaded Sepia eumelanin at various total power levels taken in
succession with 720 nm pump, 815 nm probe. Color scheme: Green pixels have a pump-probe
response similar to the iron-loaded eumelanin standard. Red pixels are similar to EDTA-
washed eumelanin. Black and white overlaid image represents the multi-photon fluorescence
channel. The white box (with zoom inset) shows a melanin granule that first pump-probe
photo-bleaches, then begins to fluoresce. The magenta arrow shows a granule of melanin
where the pump-probe response form gradually shifts from similar to iron-loaded eumelanin
to resemble that of EDTA-washed eumelanin. Figure reproduced from Simpson et al, 2014.

Human physiological iron-content is much lower than in our iron-saturated
Sepia eumelanin (Liu et al, 2004). To test whether our finding from Figure 31 apply
to eumelanin with physiologically-relevant metal ion content, we imaged a black
hair cross section, embedded in paraffin wax. The samples were imaged using a
slightly different laser system, a 20X, 0.8NA Zeiss objective, starting at 0.1 mW total
powers until reaching ~ 2 mW, measured at the sample (Figure 32 (b), part 1).
Then the samples were re-imaged in decreasing power intervals (Figure 32 (b), part
2). The average spectrum for each image is shown in Figure 32 (a), where the solid
lines correspond to part 1 and the dashed lines to part 2. As power levels increase,
the pump-probe response curves have increasing levels of excited state absorption
and decreasing levels of ground state bleaching, taking on more EDTA-washed
eumelanin form (Figure 26). When the samples were re-imaged at decreasing power
levels, the response curves did not return to their original form, indicating that high

power levels cause irreversible damage.
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Figure 32: Pump-probe response of black hair as a function of power (a). Solid lines are taken
with increasing power levels, while the dashed lines are taken with decreasing power levels
after reaching the maximum power of 2 mW. Spectra were normalized by the maximum of the
absolute value. Ratio of maximum signal to minimum signal with increasing power (b).
Arrows indicate the sequence of the experiment. Pump wavelength is 730 nm, probe
wavelength is 810 nm. Figure adapted from Simpson et al, 2014.

Figure 32 (b) displays the data according to the way the ratio of the positive
peak to the negative peak changes with power level. Note that from ~0.1 to 1.1 mW,
the spectra trace one path, and for powers >1.1mW, they trace another.
Interestingly, the spectra continue on this new path after decreasing the power
again in part 2, clearly indicating irreversible changes occur above ~1 mW average
power, which is the same as that reported by Kerimo et al. to activate fluorescence

with NIR (Kerimo et al, 2011).

Although the laser systems have different peak powers, Kerimo et al. found
that activation occurs even with continuous wave laser exposure, indicating that
peak power is less significant than average power (Kerimo et al, 2011). The similar
average power required for these two phenomena suggests they may have a

common cause.

86



Fluorescence acquired simultaneously while imaging the hair but did not
show bulk fluorescence activation under these conditions. The fluorescence emitted
from the black hair cross section increases with a slope of approximately 1.8 with
respect to the laser power (Figure 33), indicating two-photon fluorescence. Even
after exposure to 2 mW of total power, the fluorescence did not change. Figure 33
shows average melanin fluorescence at different power levels; blue circles are taken
when power is increasing, and red circles are when the power is decreasing. Not
purging the sample with nitrogen most likely caused the melanins that were
undergoing fluorescence activation to photo-bleach (Kerimo et al, 2011, Lai et al,

2013), so melanins observed in Figure 33 are not activated.
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Figure 33: Power dependence of melanin fluorescence in black hair. As with Figure 32, blue
circles are taken with increasing power levels, while the red circles are taken with decreasing
power levels after reaching the maximum power of 2 mW. Figure reproduced from Simpson et

al, 2014.

Though fluorescence activation in the hair cross-sections was not observed,

itis clear from Figure 31 that iron-loaded eumelanin fluoresces when photo-
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damaged, and from Figure 31 and Figure 32 that photo-damage manifests itself by
shifting the pump-probe response towards that of EDTA-washed eumelanin. To test
how iron affects melanin fluorescence, we collected fluorescence images for iron-
loaded and EDTA-washed eumelanin at different power levels. Shown in Figure 34,
at low power levels, EDTA-washed eumelanin is fluorescent, while iron-loaded
eumelanin is not, but iron-loaded eumelanin fluoresces when exposed to higher

optical intensity.

Iron-loaded eumelanin, EDTA-washed
0.4 mW eumelanin, 0.4 mW

Iron-loaded eumelanin,
0.8 mW

Figure 34: Multi-photon fluorescence of dry melanins at 0.4 mW and 0.8mW total power with
720nm pump and 815nm probe. Figure reproduced from Simpson et al, 2014.

4.4 EFFECTS OF OXIDATION ON THE MELANIN RESPONSE

Chemical oxidation causes similar changes to the pump-probe signal as high
laser intensity. Figure 35 shows the pump-probe response of a black hair cross
section being gradually oxidized chemically via hydrogen peroxide. The data are

normalized to the negative instantaneous signal because the focal position was
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optimized at the beginning of every scan due to fluctuations in the flow cell focal
position and because signal decreased throughout the experiment due to gradual
photo-bleaching and the amount of melanin decreasing due to oxidative dissolution.
Power levels were kept low (0.1 mW for each beam) in the interest of isolating the
effects of chemical oxidation from photo-damage, so no fluorescence was obtained,
but it has been previously reported that chemical oxidation increases UV-induced
fluorescence (Kozikowski et al, 1984). Using higher power could have caused
detrimental melanin pump-probe photo-bleaching, intensity-related changes to the
pump-probe signal independent of the chemical oxidation, or even accelerated the
chemical changes to the melanin (Kayatz et al, 2001). Similar to Figure 32, the
excited state absorption increases and ground state bleaching decreases as the
melanin becomes increasingly damaged. As the experiment proceeded, the response
changed to more closely resemble that of EDTA-washed eumelanin, suggesting that

one of the effects of chemical oxidation is to break the iron-eumelanin bond.
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Figure 35: Pump-probe response of a black hair cross section as it is chemically oxidized. Data
are normalized to the negative peak because the focal position changed throughout the
experiment and to account for pump-probe photo-bleaching independent of the changes to
the pump-probe response. Pump wavelength is 720 nm, probe wavelength is 815 nm. Figure
reproduced from Simpson et al, 2014.

4.4.1 CHEMICAL AND PHOTO-OXIDATION DAMAGES IRON-BOUND MELANIN

Chemical oxidation or photo-degradation could degrade the melanin
oligomers that contain iron or damage the iron-melanin bond itself. Chemical
oxidation could damage iron-containing melanin through the Fenton cycle: Iron
present in melanin catalyzes the production of free radicals in the presence of
hydrogen peroxide (Pilas et al, 1988). Because these free radicals would form first
near the iron-containing melanin chromophores and subsequently degrade these
particles, the pump-probe response would become more dominated by the iron-free
chromophores as oxidation progresses, as we observed in Figure 35. Figure 31 also
shows the general pattern we have observed for the pattern of damage for iron-
loaded eumelanin: first, the pump-probe response changes, then the granule pump-
probe photo-bleaches and undergoes morphological changes, finally (in some cases)

the granule begins to fluoresce. This is in agreement with previously reported
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melanin fluorescence activation, which also follows morphological changes to the
melanin (Kerimo et al, 2011; Lai et al, 2013). Iron-catalyzed oxidative degradation
may cause these morphological changes, which happen first to melanins containing
the highest concentration of iron. High optical intensity, on the other hand, may
damage the iron-melanin bond itself. Photo-damage reduces melanin’s ability to
bind iron (Zareba et al, 2007). High optical intensity may cause the melanin to
release iron, which would cause a pump-probe response dominated by iron-free

melanin, as observed in Figure 32 and Figure 33.

In addition to the effects iron has on the pump-probe response, iron
quenches melanin fluorescence by forcing fluorescence to compete with additional
non-radiative relaxation pathways. These additional pathways manifest themselves
by shortening the excited state lifetime, which broadens the absorption spectrum;
this will be discussed further in Section 5.3. For example, the pump-probe
experimental wavelengths fall within the iron-melanin ligand-to-metal charge
transfer (LMCT) band, which is between 700 and 800 nm, which relaxes via a non-

radiative mechanism (Samokhvalov et al, 2004).

Degradation of iron-containing melanin particles and/or the iron-melanin
bond is a possible mechanism to explain the previously reported observations that
oxidative damage (Kozikowski et al, 1984; Kayatz et al, 2001) and high optical
intensity (Kerimo et al, 2011) cause melanin fluorescence enhancement. Chemical
oxidation, before it completely breaks down all the melanin units capable of

absorbing NIR, will first break down iron-containing melanin, leaving intact only
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iron-free melanin, which fluoresces more readily because they have fewer non-
radiative relaxation pathways. The explanation that high optical intensity causes the
release of redox-active iron ions is particularly compelling because Lai et al.
attempted to prevent oxidative photo-bleaching by performing experiments under
nitrogen gas. Despite this attempt to prevent oxidation, the black hair melanin
continued to photo-bleach (Kozikowski et al, 1984), most likely because black hairs
contain iron (Liu and Simon, 2003), which would catalyze melanin oxidation. These
findings suggest that pump-probe spectroscopy may provide a window into

oxidative stress associated with melanoma.

4.4.2 SIGNIFICANCE OF MONITORING MELANIN OXIDATION IN MELANOMA

The relationship between oxidative stress, the immune system, and tumors is
complex, particularly in the case of melanoma. UV exposure can cause the immune
system to produce inflammation, which may contribute to the development of
melanoma (Damsky and Bosenberg, 2011), but the immune system can also slow
the growth of melanoma because it is capable of recognizing and fighting malignant
cells (Boon et al, 2006). Pump-probe microscopy, which is sensitive to melanin
oxidation state and capable of identifying macrophages, could prove useful in

understanding the involvement of the immune system in melanoma.

As previously discussed, UV-B can directly damage DNA via absorption, but
UV-A and visible radiation can also damage skin by inducing inflammation. Chronic

inflammation is associated with many forms of cancer (Li et al, 2005), including
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melanoma, where UV exposure causes a number of reactions that can lead to the

formation and spread of carcinomas.

UV-A exposure causes the release of iron, a powerful pro-oxidant (Vile and
Tyrrell, 1995). Iron, then, catalyzes the production of the NF-xB transcription factor
(Reelfs et al, 2004). NF-xB is a transcription factor that promotes several cell
signaling responses including proliferation and survival. When activated, NF-kB
regulates the production of pro-inflammatory cytokines and other molecules
involved in inflammation such as COX-2, an enzyme involved in inflammation and
pain. Inflammation is involved in the development of melanoma, as evidenced by
multiple studies showing that inhibiting inflammation decreases the incidence of
skin cancer (Halliday and Lyons, 2008). In particular, COX-2 inhibitors and non-
steroidal anti-inflammatory drugs (NSAIDs) can treat and/or prevent metastatic
melanoma (Lejeune et al, 2006). Oxidative stress induced by inflammation may be

sufficient to change the pump-probe response of melanin.

To investigate inflammation in melanomas, we could compare the melanin
pump-probe responses under a variety of inflammatory conditions. For example,
pigmented malignant melanocytes in vitro could be subjected to UV radiation and
imaged with pump-probe microscopy before and after. Then, a NF-kB western blot
would show how the changes in the melanin response are correlated with a
quantitative measure of inflammation. If the melanin response proves to be a useful
measure of inflammation, then it could be translated to an in vivo mouse model of

melanoma for continuous approximate monitoring of NF-kB activity (current
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methods for detecting NF-xB require destruction of the sample). This would allow
new investigations into the efficacy and mode of action of anti-inflammatory drugs

and/or chelating agents for prophylactic use or the treatment of melanoma.

One important role of the NF-kB transcription factor is producing the
cytokines that lead to the recruitment of macrophages. Macrophages are phagocytic
cells that engulf and digest cellular debris and pathogens via processes that include
the production of ROS and reactive nitrogen species (Li et al, 2005). In pigmented
lesions, macrophages contain granular melanin that has a homogeneous, usually
eumelanin-like, pump-probe response (Simpson et al, 2013a; Section 3.4.1). Because
the pump-probe response of melanin is sensitive to both melanin oxidation and
aggregation, the chemical environment of the macrophages will alter the melanin
response. Preliminary results show that the melanin response is different
(predominantly ground state bleaching signal) for melanin contained in
macrophages near malignant melanomas (Simpson et al, 2013a; Section 3.4.1), but
further investigations need to be performed to confirm this trend. This will require
pump-probe imaging, along with confirming the identity of suspected macrophages
in vitro with an immunohistochemical macrophage stain. To test whether the source
of the melanin response differences is derived from the oxidizing environment of
macrophages, the extent of NADH staining (such as diaphorase with a tetrazolium
dye) or the amount of NADH fluorescence could be compared to the variations in the
melanin response. As previously mentioned, ideally any stains used on tissue
containing melanin should be fluorescent dyes to allow easier detection of the stain

on a black/brown melanin background.
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Another aspect of this study is determining why melanin in macrophages
near melanoma is chemically altered compared to melanin in macrophages in
normal skin. UV exposure not only initiates the formation of melanomas, but it also
allows malignant cells to gain characteristics that help them to metastasize (Bald et
al, 2014). Based on experiments showing that the inflammatory response associated
with UV-induced erythema led to melanocyte migration and proliferation, Bald et al.
found that those same conditions caused a similar reaction in malignant
melanocytes (melanoma cells): UV exposure caused DNA-damaged cells to spread
and grow (Bald et al, 2014). In a murine model of chemically initiated melanoma,
those mice that effectively got a sunburn twice a week for several weeks following
chemical initiation experienced significantly more melanoma metastases than those
that had no UV exposure (Bald et al, 2014). The metastatic response depended on
the recruitment and activation of neutrophils, which caused melanoma cells to shift

towards a migratory phenotype (Bald et al, 2014).

As many have suggested, including Bald et al. most recently, the
microenvironment created by inflammatory signals affects the cell phenotype,
causing malignant cells to gain the ability to spread and proliferate (Bald et al,
2014). There are two hypotheses that attempt to explain this observation. First,
there is a body of evidence which suggests that melanoma cells are actually
macrophage-tumor hybrids (Pawelek, 2007). By fusing with bone-marrow derived
cells such as macrophages, melanoma cells can gain the ability to migrate and adapt
to foreign environments — making them ideal metastatic cells (Pawelek, 2007).

These highly metastatic hybrid cells, observed in vitro and in vivo in mouse
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melanoma models, appear to have altered melanin chemistry: melanin is dark and
coarse compared to non-hybridized melanoma cells (Pawelek, 2007). Because
autophagy is characteristic of macrophages, melanin in these hybrid cells is likely

partially digested, which may change the pump-probe response.

A second hypothesis is that melanoma cells are derived from
undifferentiated stem cells (Fang et al, 2005). This explains why melanomas display
phenotypic heterogeneity with the non-adherent, spherical cells being able to
differentiate into different types of cells (Fang et al, 2005). Preliminary results
based on cell in vivo in a BRAF melanoma mouse model suggest that melanoma cells
with stem cell-like morphology (round instead of dendritic) have slightly altered
melanin chemistry, as shown in Figure 36. Although the idea of metastatic
melanoma cells having stem cell-like characteristics (see Fang et al, 2005) is
different from the hypothesis that melanoma cells can be macrophage-tumor
hybrids, they have a lot in common such as the observation that metastatic
melanoma cells have improved cell motility and less adherence (Pawelek, 2007;
Fang et al, 2005). If they have similar melanin chemical properties, then it is likely

that these hypotheses are based on a common phenomenon.
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Figure 36: Phasor plots of pixels in pigmented cells in vivo. These cells are located in a
melanoma tumor in a BRAF melanoma mouse model. Phasor plot on the left shows the pump-
probe behavior of cells with round morphology. Compare this to the plot on the right based on
cells with a dendritic morphology. Figure credit: Jesse Wilson, Christina Sun Gainey, Simone
Degan, and Jennifer Zhang.

Although UV damage activates the immune system, producing reactions that
promote the development of melanoma, UV exposure can also suppress the immune
system (Fischer and Kripke, 1982; Eves et al, 2006). UV damage leads to the
production of a-melanocyte stimulating hormone, which, in addition to promoting
melanin synthesis, downregulates proinflammatory cytokines and upregulates
immunosuppressive factors (Eves et al, 2006). This is another route to melanoma
because the immune system is important for identifying and fighting malignant

cells.

Suppressor T cells play a critical role in preventing malignancies: in mice
exposed to UV radiation, those that responded with the production of suppressor T
lymphocytes were less likely to develop skin cancers (Fischer and Kripke, 1982).

The immune system is particularly involved in melanoma: unlike most types of
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cancer, metastatic melanoma has shown some success with treatments based on the
immune system. Immunization with a peptide vaccine (to stimulate T-cells) and
interleukin-2 (to activate T-cells) slows the spread of metastatic melanoma in
patients with a particular HLA type (Schwartzentruber et al, 2011). The ability of UV
radiation to suppress this important immune response could account for
inconsistencies among cell lines when cells are exposed to the same amount of
oxidative stress: when the immune system plays a more active role in responding to
oxidative stress, the melanin pump-probe behavior would likely show more
oxidative damage than melanin in cell lines where the immune system is

suppressed.

4.5 BOUND TOXINS CHANGE MELANIN’S PUMP-PROBE RESPONSE

Under current investigation are the effects of various toxins on the pump-
probe response of melanins. Melanin’s affinity for drugs such as cocaine and
nicotine are well-documented (Yerger and Malone, 2006; Potsch et al, 1997); this
affinity is why hair samples are a convenient mode of drug testing. These toxins may
vary the pump-probe response of melanin, which would make pump-probe
microscopy/spectroscopy of melanin useful for quantifying and monitoring levels of

toxins in humans and pigmented organisms.

4.5.1 NICOTINE BOUND TO MELANIN

The correlation between tobacco use and decreased risk of melanoma
(Odenbro et al, 2007) suggests melanin-nicotine interactions may be important for

understanding melanoma biology. Preliminary results on synthetic dopa eumelanin
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show that its pump-probe response changes after incubation with 300 nM nicotine,

shown in Figure 37.
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Figure 37: Pump-probe response at 720 nm pump and 817 nm probe of synthetic dopa
eumelanin and synthetic dopa-melanin incubated with 300 nM nicotine.

An on-going debate is whether nicotine is incorporated into the melanin
polymer, effectively replacing a DHI(CA) precursor, or if it simply binds to the
melanin polymer (Yerger and Malone, 2006). Larsson et al. suggested nicotine could
replace indole-5,6-quinone as a melanin precursor due to their structural
resemblance (Larsson et al, 1979). Our preliminary findings suggest nicotine can be

incorporated as a precursor when it is present while the melanin is forming, but it
can also bind to the pre-formed melanin polymer. Melanin does bind nicotine when
incubated together, as evidenced by the change in the pump-probe response (Figure
37), but the physical properties, as well as the pump-probe response, of melanin
changes when it is formed in the presence of nicotine. While melanin incubated with

nicotine remains insoluble in water, melanin formed in the presence of nicotine is
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soluble; this suggests that nicotine interferes with melanin polymerization. As
discussed in Section 1.2, normally melanin precursors polymerize and form planar
sheets, which then stack into dense, insoluble particles. These planar sheets depend
on DHI and DHICA being planar molecules, but nicotine is not a planar molecule, due
to its single bond connecting the two rings (see Figure 38). Incorporating non-
planar nicotine into the melanin structure interferes with polymerization by
disturbing the formation of sheets, which makes the molecule to be more soluble

than nicotine-free melanin.

@)DD;V

Nicotine 5,6-dihydroxyindole-2-
carboxylic acid (DHICA)

Figure 38: Structures of nicotine and DHICA for comparison. Note the single bond connecting
the two rings in nicotine, which prevents melanin from forming planar sheets. Images adapted
from Wikipedia Commons.

The interaction of melanin and nicotine has important applications in
understanding addiction, as well as melanoma. Multiple epidemiological studies
have shown that tobacco use decreases the incidence of melanoma (Odenbro et al,
2007; Freedman et al, 2003), but a causative mechanism has yet to be established.
Together with the facts that people of African descent have more trouble quitting
smoking and that melanin has a high affinity for nicotine suggests that the
interaction of the melanin and nicotine may be the cause of this trend. Although it
would be difficult to convince a physician to recommend tobacco use to prevent the

development of melanoma, a better understanding of this interaction may allow the
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development of a melanoma prevention drug based the interaction of melanin and
nicotine or nicotine metabolic products such as cotinine, which is similar in

structure to nicotine but lacking the carbonyl group.

The data presented here suggests that nicotine can become incorporated into
the melanin polymer, causing the pump-probe response to change. Further
experiments are required to understand how this affects the properties of the
melanin. Cotinine should also be analyzed in these experiments because it also can
likely bind melanin. African-American women who smoke tobacco retain cotinine
longer than Caucasian women (Ahijevych et al, 2001), so it is possible that cotinine

is actually the cause of the decreased risk of melanoma among smokers.

One reasonable hypothesis for why nicotine decreases the risk of melanoma
is that incorporation of nicotine stabilizes the free radicals produced in response to
UV or otherwise makes melanins less prone to oxidative damage. Because free
radicals and oxidative stress can damage DNA and induce inflammation, decreasing
this activity would decrease the risk of melanoma. Testing the photo-acoustic
response and EPR of melanin with and without nicotine would give an approximate
measurement of the efficiency the dissipation of energy as heat (methods similar to

Nofsinger et al, 1999).

As previously noted, the physical properties of the melanin also change when
nicotine is incorporated. The increased solubility suggests decreased melanin
aggregate size. We could confirm this hypothesis by performing scanning electron

microscopy on the aggregates to determine size differences between melanin with
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and without nicotine (methods similar to Nofsinger et al, 2000). Differences in
aggregate size caused by nicotine incorporation could also account for disparities in

the ability of melanins to absorb and dissipate energy (Nofsinger et al, 1999).

To prove that biologically relevant levels of nicotine can affect the melanin
response, we could analyze melanin in cadavers of smokers, particularly in tissue
exhibiting smoker’s melanosis, which is hyperpigmentation on the gums of
individuals who smoke tobacco. It would be important to compare human smoker
melanin to synthetic melanins formed in the presence of nicotine to verify the
relevance of data acquired using the synthetic model. Dose-dependence could then

be determined using a mouse model.

4.5.2 MELANIN AS AN INDICATOR OF ENVIRONMENTAL HEALTH

So far, we have only analyzed the pump-probe response changed associated
with nicotine, iron, and copper, but because melanins are found throughout nature,
analyzing other toxins bound to melanin could indicate the presence of those toxins
in the environment. For example, zebrafish (Danio rerio) scales contain abundant
melanin. Toxins such as heavy metals contained in dilute concentrations in a body of
water would likely concentrate themselves in zebrafish melanin. Similarly, pollution

in soil could be detected by analyzing melanin found in mushrooms.

Another function of melanin found most commonly in insects is melanization,
in which the host organism coats a foreign body with melanin in order to sequester
the intruder and starve it of nutrients and cause oxidative damage (Christenson et

al, 2005). Analyzing melanin functioning in this manner could give further
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information about the oxidative damage potential of melanins and the pump-probe
response of highly oxidizing melanins. Additionally, if melanin participating in
melanization has a unique pump-probe response, then we could use pump-probe as
a tool for investigating current or prior presence of foreign bodies such as parasites
in insects.
4.6 SUMMARY

[ have shown that the pump-probe response of melanins depends on the
physical and chemical properties of the melanin such as the presence of bound
metal ions and other toxins. This feature of pump-probe spectroscopy will allow
studies to elucidate the potential roles of metal ions and other small molecules in
carcinogenesis. Photooxidative reactions, which also cause fluorescence activation,
complicate the power dependence of the pump-probe response, but the sensitivity
of pump-probe to the oxidative state could allow monitoring of oxidative stress and
activation of the immune system on the microscopic scale. Other than researching
the development and treatment of melanoma, pump-probe spectroscopy and
microscopy of melanin will provide insights into other questions including those
surrounding nicotine addiction and environmental health. Having documented the
variable pump-probe response of melanin, the next chapter will explore the reason

these chemical and physical changes affect the pump-probe responses.
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5. MECHANISMS THAT CAUSE THE PUMP-PROBE RESPONSE
OF MELANIN TO CHANGE

The pump-probe responses of melanins vary depending on their physical and
chemical properties. This chapter will explore the mechanisms that cause the pump-
probe response to change. In the case of iron-loaded eumelanin, [ show that it is
neither the iron-melanin Raman line nor the slightly altered aggregate size that
changes the pump-probe response, but rather, it is the change in the absorption
spectra of the underlying oligomers. This affects the ability of oligomers to exhibit
spectral hole burning. Additionally, the heterogeneity of the neighboring oligomers
contributes to the variable pump-probe response of melanins by allowing or
forbidding energy transfers. Based on these hypotheses, [ will present an alternative

way to measure these changes.

5.1 STIMULATED RAMAN SCATTERING EFFECTS ON PUMP-PROBE RESPONSE

Although the addition of iron to eumelanin only causes a slight change to the
bulk average optical absorption spectrum of melanin (Samokhvalov et al, 2004), it
causes a dramatic change to the pump-probe response at Apy 2 715 nm, as shown in
Figure 26 (b). The negative response of iron-loaded eumelanin at Apy = 715 nm is
short-lived, and may, in principle, be attributable to either stimulated Raman loss or
a ground state bleach with a short lifetime. In this section, I show that the pump-
probe response difference cannot be attributed to differences in the Raman

spectrum of iron-loaded melanin compared to metal-free melanin.

Given the 5 nm bandwidth of our pulses, the wavelengths scanned in Figure

26 can stimulate Raman loss in the probe for transitions in the range of 1280—2120
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cm-1. In this range, eumelanin has resonances at 1400 cm! and 1600 cm-1, with a
weak iron-specific Raman line at 1470 cm-1 (Samokhvalov et al, 2004). To test
whether stimulated Raman scattering makes a significant contribution to the pump-
probe response, | conducted two measurements - one with the Ap, and A,r swapped,

the other with a wider range of Apu.

Swapping the pump-probe wavelengths will confirm the presence of a
significant Raman contribution if the instantaneous signal changes sign: in one
configuration, Apy < Apr, stimulated Raman scattering induces a loss in the probe
(negative signal); in the other configuration, Apu > Apr, stimulated Raman scattering
induces a gain in the probe (positive signal). In Figure 26, Apu < Apr, and the negative
instantaneous signals at Apy = 715, 720, and 725 nm are possibly stimulated Raman
loss. But in Figure 39, with swapped A, and Apr, the response of iron-loaded
eumelanin at Apr = 715, 720, and 725 nm does not change sign, indicating that

Raman scattering is not a major contribution.

0.2 Fe-loaded Sepia eumelanin
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Figure 39: Normalized pump-probe response of dry iron-loaded eumelanin. Pump wavelength
is set at 815nm. Probe wavelength is varied between 700nm and 725nm. Data are normalized
to the largest peak. In this arrangement (Apu > Apr), stimulated Raman gain is expected to
produce a positive instantaneous signal. Figure reproduced from Simpson et al, 2014.

105



Scanning a wider range of pump wavelengths will confirm a Raman
contribution to the signal if the magnitude of the instantaneous pump-probe
response varies proportionally to the Raman spectrum. In order to span all three
Raman lines associated with eumelanin and with iron-loaded eumelanin, (1350—
1650 cm including associated Raman line bandwidths), I measured the response of
iron-loaded eumelanin with an 805 nm probe, scanning the pump from 712 nm to
728 nm in 4 nm increments. (The OPO did not stably produce 745 nm with an 815
nm pump pulse, so I shifted the scan so the longest wavelength it had to produce
was 728 nm using an 805 nm pump pulse. While this may change the time-delayed
response, the Raman response remains unaffected, as it depends only on the
difference in pump and probe wavelength). Changing the wavelength dramatically
changes the laser system alignment and pulse width, so in order to compare the
amplitude of signals across different wavelengths, the pump-probe data are
normalized according to the magnitude of the 2-photon absorption cross-
correlation measured in R6G. Figure 40 shows the results, along with the
approximate locations and bandwidths of the Raman peaks and their overlap with
the bandwidth of the pump and probe beams. Clearly, the magnitude of the
instantaneous negative pump-probe signal is Figure 40 (b) does not track with the
Raman spectrum of eumelanin, further confirming that stimulated Raman is not a
major contribution to the pump-probe response, and that differences in Raman
spectra cannot account for the differences in pump-probe response caused by

adding iron to eumelanin.
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Figure 40: a: Corresponding wavenumber bandwidths for 805 nm probe wavelength with
various pump wavelengths. Overlaid are previously reported Raman bands with their
corresponding bandwidths. b: Pump-probe response of iron-loaded eumelanin at varying
wavenumbers normalized according to the 2-photon absorption response of rhodamine 6G.
Figure adapted from Simpson et al, 2014.

5.2 AGGREGATE SIZE CHANGES THE PUMP-PROBE RESPONSE

Having ruled out stimulated Raman as the source of the pump-probe
response differences, we suspected that the iron-eumelanin bonds were breaking
through oxidation (Figure 35) or high power (Figure 32). There are two possible
consequences of this bond breakage that would modify the pump-probe response:
changing the unit spectra of individual chromophores, and/or changing the melanin
aggregate size. This section shows that the slight change in aggregate size does not
cause the dramatic changes to the pump-probe response of iron-loaded eumelanin

compared to metal-free eumelanin.

The linear absorption spectrum of melanin changes with aggregate size
(Nofsinger et al, 1999). After separating melanins by weight, Nofsinger et al.
observed that the absorption spectrum of the largest aggregates (MW > 10,000 kDa,

which corresponds to aggregates between 2-25 pm) absorbed more broadly in the
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visible and UV, whereas the smallest aggregates (MW < 10,000 kDa, which
corresponds to aggregates smaller than 60 nm) had a more structured absorption
spectrum that was mainly in the UV (Nofsinger et al, 1999). Piletic et al. previously
suggested that the pump-probe response differences between eumelanin and

pheomelanin could be attributed to melanin aggregate size differences (Piletic et al,

2010).

Natural Sepia eumelanin has particles that are on average 146 nm; EDTA-
washing reduces particles to 138 nm; subsequent iron-loading increases particle
size to 143 nm (Liu et al, 2004). If iron affects the response of eumelanin through
differences in aggregate size, then we would expect that increasing aggregate size
and increasing iron content would have the same effect. To test this hypothesis,
several different previously filtered sizes of eumelanin particles (Nofsinger et al,
1999) were imaged with Apy = 720 nm, Apr = 815 nm, the conditions under which
loading eumelanin with iron changes the response from excited state absorption
(positive) to ground state bleaching (negative). Figure 41 shows that increasing
eumelanin aggregation has the opposite effect on the response when compared with
iron loading: small aggregates have a ground state bleaching response, and large
aggregates have an excited state absorption. Therefore, iron does not modify the
pump-probe response simply by changing the aggregate size. This is not surprising,

considering how small an influence the iron content has on the particle size.
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Figure 41: Pump-probe responses of different molecular weight aggregates of Sepia
eumelanin. Pump wavelength is 720nm, probe wavelength is 815nm. Figure reproduced from
Simpson et al, 2014.

5.2.1 IMPORTANCE OF WELL-CONTROLLED SAMPLE PREPARATION PROCEDURES

It should be noted that because sample preparation can dramatically change
the size of melanin aggregates (Liu and Simon, 2003), poorly controlled sample
preparation methods could cause the aggregate size to be a confounding factor in
experiments where the metal content is varied. Although sample preparation
methods were identical for EDTA-washed eumelanin and iron-loaded eumelanin,
additional EDTA-washing experiments were performed on natural melanin (Liu et
al, 2004) (previously purified directly from Sepia officinalis as opposed to Sigma-
Aldrich), another bottle of Sigma Sepia melanin, and on melanin in a black hair
cross-section (Figure 25) to verify the trend observed in Figure 22. In all cases,
EDTA-washing caused the same changes to the pump-probe response under the
Apu=720 / Apr=810 nm experimental conditions: The instantaneous negative signal
decreased and the excited state absorption signal increased, although the negative
signal did not always completely disappear. From this we conclude that sample

preparation procedures are not the source of pump-probe signal differences in
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Figure 22. However, care should be taken when varying the chemical composition of
melanins to ensure aggregate size is well-controlled. As an example, due to the
complex nature of controlling aggregate size, we have not been able to isolate the
effect of different eumelanin precursors (whether pure DHI, pure DHICA, or a

mixture) on the pump-probe response.

5.2.2 SIGNIFICANCE OF MELANIN AGGREGATE SIZE IN MELANOMA

The sensitivity of the pump-probe response to melanin aggregate size does
make the difficult task of controlling the sample separation procedure even more
important, but it also provides a means to collect potentially useful information
about melanin aggregates in biological systems. Because small melanin aggregates
are less efficient at converting absorbed light to heat (Nofsinger et al, 1999), they
may instead photo-sensitize cells by the photo-generation of free-radicals.
Degradation of large melanin granules into lower molecular weight, pro-oxidant
oliomers has been implicated in the mechanism leading to age-related macular
degeneration (Sarangarajan and Apte, 2005). Melanomas may also have aggregate
size differences: Lazova and Pawelek analyzed skin biopsy cross-sections and
observed that melanomas tend to have darker, more granular melanin than normal

moles (Lazova and Pawelek, 2009).

There may be a correlation between the melanin aggregate size normally
produced by an individual and that individual’s risk of melanoma. Additionally,
comparing melanin aggregate sizes of an individual’s healthy skin to the melanin in

a melanoma may reveal differences in pigment production between healthy and
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malignant melanocytes. Aggregate size may also indicate current or past oxidative
stress in the pigmented cell because chemical oxidation causes de-aggregation of

melanins (Littrell et al, 2007); this may also be true for photo-oxidation.

Other than microscopic visual approximations and costly electron
microscopy, there are no good ways to measure melanin aggregate sizes in biopsy
cross-sections; additionally, neither of those techniques are possible in vivo. Pump-
probe microscopy may offer a more quantitative method for analyzing aggregate
size. This data, showing pump-probe variation with aggregate size, is based on
melanins in a suspension separated via filtration. However, melanins may re-
aggregate in suspension (Liu and Simon, 2003); an improved future study to analyze
the pump-probe response of different aggregate sizes is co-registering a scanning

electron microscopy image with a pump-probe image.

5.3 PuMP-PROBE RESPONSE DEPENDS ON UNDERLYING OLIGOMER ABSORPTION

Although iron-loading eumelanin does slightly change to the aggregate size
and the Raman spectrum, these do not cause the observed changes to the pump-
probe response. Additionally, these experiments uncovered more variables that
change the response. By compiling all of these findings, we deduce that the source of
differences in the GSB signal is a result of differences in the linear absorption
spectra of underlying oligomers, which dictate the ability of oligomers to exhibit
spectral hole burning. The differences in the ESA signal result from the ability of

neighboring oligomers to receive energy from other oligomers.
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Knowing that the pump-probe response depends on many factors including
the aggregate size, the extent of photo- or chemical-oxidation, and the presence of
metal ions, we now consider how these melanins differ and what underlying causes
might account for the differences. A positive time-delayed response (signaling a
decrease in detected probe intensity when the pump is on) may be unambiguously
interpreted as an excited state absorption, whereas a negative response may be
attributed to both stimulated emission and ground state bleach (both of which can
increase the detected probe intensity when the pump is on). Stimulated emission is
ruled out when A,r < Apy, but even when this is not the case, it is unlikely to be a
significant contributor to the pump-probe response of melanins because the
requirements for stimulated emission are very restrictive compared with ground
state bleaching. Stimulated emission will be observed only for relaxation pathways
that specifically involve energy levels that have dipole-allowed transitions to the
lower-energy states that are both resonant with Ay and are aligned with the probe
polarization vector. Ground state bleaching, on the other hand, will be observed
regardless of the relaxation pathways. In melanins, optical excitations relax via a
large number of energy transfer pathways, as evidenced by rapid non-radiative
relaxation and rapid fluorescence anisotropy decay (Forest et al, 2000; Nofsinger
and Simon, 2001). It is unlikely that a significant fraction of these relaxation
pathways meet the relatively strict conditions for stimulated emission. Therefore, I

attribute the negative signals observed here solely to ground state bleaching.

At Apr ~ 810—815 nm, natural Sepia eumelanin, which has some native iron

content, crosses over from a response dominated by ground state absorption to one
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dominated by excited state absorption at approximately 750 nm (Piletic et al, 2010).
For the sake of discussion, I define the crossover wavelength A, x as the pump

wavelength at which the probe ground state bleach and excited state absorption

o

signals are balanced (i.e. [ S(t)dt = 0). Adding iron content by saturating

t>250 fs
with FeCls shifts Apux to approximately 715—725 nm, suggesting that the net effect
of bound iron is to shift Apux to shorter wavelengths. If that is the case, I expect that
removing the iron with EDTA would shift Apux to > 750 nm. This is consistent with
our observations that the response of EDTA-washed eumelanin is dominated by
excited state absorption in all our measurements with A;;=817 nm, Ay < 750 nm
(OPO is not tunable beyond 750 nm, preventing us from locating Apux for EDTA-
washed eumelanin). Preliminary findings suggest that iron has the same effect of
blue-shifting Apux on pheomelanin. In on-going studies, different metals have been
found to also affect Apux, and that the amount they shift A,y is different for different
metals. The extent of the shift is likely related to the metal binding site, so metals

under initial investigation have known binding sites.

The observation that bound metal ion content shifts Apux to shorter
wavelengths may be explained hypothetically within the framework that considers
the broad optical absorption of melanins to be the sum of a large number of
heterogeneous chromophores. Though the sum optical absorption spectrum is
broad and featureless, each underlying chromophore exhibits peaks whose
locations and widths depend on the number and arrangement of its DHI(CA) units

(or benzothiazine units in the case of pheomelanin), local chemical environment,
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stacking structure, and metal ions (Meng and Kaxiras, 2008). Only a subset of these
chromophores (those having strong optical absorption at A,y) are excited initially in
a pump-probe experiment. The time-delayed probe response reflects competition
between ground state bleaching and excited state absorption, depending on a
number of factors. If excited state absorption were absent, the ground state bleach
signal would depend on Apr in the same manner as a transient spectral hole burning
measurement (Jankowiak et al, 1993): the ground state bleach intensifies as Apr
approaches Ay, and scanning A,r would reveal the sum absorption spectrum of the
subset of chromophores excited by A,u. But excited-state absorption is not absent for
Apu and Apr in the near-infrared, and this response replaces ground state bleaching as
Apu is tuned away from A,r. While ground state bleaching is restricted to probe
interactions with the pump-selected sub-population, excited state absorption might
involve excited state transitions either within the pump-excited chromophore or

from a pump-excited chromophore to a nearby chromophore that has an available

energy level in the vicinity of E ~ he Ao +h ¢ Aor In that case, given the high degree

of heterogeneity within melanins, it is likely that any near-IR Ay, Apr combination
will access an excited state absorption. Thus I expect excited state absorption to
dominate the response for Apr outside the spectral hole burned by the pump, and to
be overwhelmed by an increasingly dominant ground state bleach as the
wavelengths are tuned from Apr toward Apy, consistent with our primary findings

here in Figure 26 and in Figure 7 of Piletic et al, 2010.
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This hypothesis for ground state bleach / excited state absorption
competition in melanins is illustrated by the four scenarios sketched in Figure 42,
showing combinations of chromophores having narrow and broad absorption
spectra with pump/probe wavelengths having small and large detuning AApp = [Apu -
Apr|. In Figure 42 (a), the probe is within the narrow spectral hole burned by the
pump, and the response is dominated by ground state bleaching. Figure 42 (b)
shows that as the probe is tuned outside the spectral hole, ground state bleaching is
weak, and excited state absorption to a neighboring chromophore occurs. Figure 42
(c-d) shows the same pump and probe wavelengths, but with chromophores that
have broader absorption bands. In this case, the larger AApp, still results in ground
state bleaching, with no crossover to excited state absorption. This implies that the
spectral widths of the pump-excited chromophores determine the reported

crossover wavelength, Apyx.
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(a) Ground state bleach dominant (b) Excited state absorption dominanit

Legend:

t Pump T Probe

Sum absorption
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(c) Ground state bleach dominant (d) Ground state bleach dominant Pump-selected
= chromophore subset

........ Neighbor
chromophore

Figure 42: Schematic diagram showing the proposed explanation of the connection between
Apuxand the individual oligomer absorption spectrum. The black curve represents the broad
melanin absorption spectrum composed of the sum of individual oligomer absorption spectra.
The red peaks represent the absorption spectrum of an individual oligomer unit. The blue
arrow represents the pump pulse. The green arrow represents the probe pulse. The dotted
orange and lines represent the absorption spectra of a neighboring chromophore. Figure
reproduced from Simpson et al, 2014.

Under this framework, the pump-probe data can be interpreted in a manner
that is consistent with the idea that melanin’s broad, featureless absorption
spectrum is the result of the sum of many individual chromophores. Smaller
chromophores, with fewer DHI(CA) subunits, account for the strong UV-vis
absorption, while larger chromophores, with extensive electron delocalization and
red-shifted, broadened absorption bands, account for the near-IR absorption tail
(Meng and Kaxiras, 2008). This implies that longer-wavelength A, will access
broader-absorbing chromophores, and the probe response will be increasingly
dominated by ground state bleaching. Indeed, pump-probe measurements with Apy,
~ 700—750 nm and AApp < 100 nm exhibit a mixture of excited state absorption and

ground state bleaching (Figure 26 here and Figure 7 of Piletic et al, 2010), while
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measurements with longer-wavelength A,y ~ 800—815 nm and comparable AApp
are dominated by ground state bleaching (Figure 26 here, and Figures 2, 4, 8 of

Piletic et al, 2010).

This framework allows us to infer the cause of iron effect’s on the pump-
probe response of eumelanin. The observed blue shift in Ap.x that occurs with
increasing iron content (See Figure 26) corresponds with a broadening of available
AXpp over which ground state bleaching is dominant, indicating that iron serves to
broaden the absorption spectra of the underlying eumelanin chromophores—ijust as
predicted by density functional theory calculations on proposed eumelanin
protomolecules (Meng and Kaxiras, 2008). Binding of iron to eumelanin may cause
homogeneous line broadening by shortening the lifetime of the excited state
through increasing the number of relaxation pathways, such as allowing relaxation

via the ligand to metal charge transfer (LMCT).

This framework also explains why chemical oxidation enhances melanin
fluorescence: oxidation breaks large melanin aggregates into smaller aggregates
(Wakamatsu et al, 2012). The strong fluorescence of small aggregates (Nofsinger
and Simon, 2001) suggests a relatively long-lived excited state, hence narrow unit
spectra; however, ground state bleach dominates the pump-probe response (Section
5.2), which instead suggests broad unit spectra under this framework. However, in
the case of melanins separated by aggregate size, our assumption that melanins
always have a possible excited state absorption and a possible ground state bleach is

no longer valid; this assumption was based on the idea that eumelanins are
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heterogeneous mixtures of oligomers and that their absorbed energy could always
be passed to a nearby oligomer, thus permitting an excited state absorption.
Selecting only the smallest melanin aggregates from the bulk mixture reduces
number of possible melanin aggregate configurations, making the unit absorption
spectra much more similar to each other. Making the melanins more homogeneous
decreases the chances of an excited state absorption at any possible wavelength

combination.

5.4 SIMPLIFIED SET-UP FOR MELANIN CHEMISTRY ANALYSIS

The pump-probe response changes depending on the physical and chemical
properties of the melanin; the main source of pump-probe response differences is
the linear absorption spectrum of the oligomer excited by that wavelength, along
with the absorption spectra of nearby oligomers that may receive an energy
transfer. The melanin contrast is based on the properties and positions of the
electronic energy levels, which change slightly under different physical and
chemical conditions.

There are a variety of methods for probing a sample’s electronic structures
and their properties. NIR nonlinear spectroscopy indirectly measures the width of
the absorption spectra of melanins (Simpson et al, 2014), but other processes that
are difficult to characterize compete with ground state absorption, such as excited
state absorption with its signal magnitude that is highly dependent on the excitation
intensity. Additionally, the equipment necessary is expensive and requires labor-

intensive alignment. One might think that fluorescence lifetime spectroscopy would
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be ideal because fluorescence lifetime is inversely correlated with the number of
radiative relaxation pathways, but this poses several major flaws:
1. Melanin has a notoriously low quantum yield (Meredith and Riesz, 2004),
in part because it is prone to fluorescence reabsorption (Nofsinger and
Simon, 2001);
2. Melanin’s fluorescence emission spectrum varies with excitation

wavelength (Meredith and Riesz, 2004);

3. Melanin fluorescence lifetime is incredibly short (tens to hundreds
picoseconds) (Nofsinger and Simon, 2001), so it could only be measured
using a Kerr gate, making the equipment required to measure this

lifetime would also costly and complicated;

4. Oxidation (Kayatz et al, 2001) and high power NIR light (Kerimo et al,
2011) are both capable of enhancing melanin fluorescence, but these
processes irreversibly destroy valuable chemical information such as
metal content (Simpson et al, 2014). This also means that the SNR would

be further limited by using only very low power levels.

Considering the competing processes involved in NIR nonlinear spectroscopy
and the low SNR achievable with fluorescence lifetime measurements, the simplest
option for measuring changes in the linear absorption spectrum is directly. If a
particular chemical or physical property gives the melanin an additional relaxation
pathway (such as a LMCT band in the case of iron-bound melanin), then the melanin
with more relaxation pathways will have broader absorption bands compared to a

melanin with fewer relaxation pathways. Linear absorption spectroscopy can probe
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these differences and reveal slight changes in melanin chemistry. Although melanin
is prone to scattering and has a broad absorption spectrum that would serve as a
background, which is one of the reasons that previous work has focused on
nonlinear spectroscopy, it is possible to detect differences in melanin aggregate size
and iron content in melanin with this method (Samokhvalov et al, 2004; Nofsinger
and Simon, 2001).

Given that melanins are insoluble and that techniques to purify and solubilize
them destroy potentially useful chemical information, it would be ideal to study the
linear absorption spectra of melanins in situ. There must be high enough spatial
resolution to separate spectra of different melanin oligomers. Ideally, we could use
a microspectrophotometer, a commercial device that is capable of imaging
microscopic samples in reflectance or transmittance mode while collecting a high
resolution (1 nm) UV-vis-NIR spectra of individual pixels. Another option is
hyperspectral imaging using a white light microscope and a carefully calibrated set
of filters, which would give spectral resolution around 50 nm. This spectral
resolution would identify broad features such as the iron-melanin LMCT band,
which is 100 nm wide (Samokhvalov et al, 2004). Despite its reduced spectral
resolution, this is the best choice for initial use with pump-probe microscopy
because it could be added onto the pump-probe microscope for perfect co-
registration. After ensuring that the hyperspectral imaging is giving results that
agree with the pump-probe microscope, we could use the microspectrophotometer

alone to study melanin chemistry in a variety of applications.
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5.5 SUMMARY
The pump-probe response of melanins is dictated mainly by the absorption

spectra of the underlying oligomers. Although Raman and aggregate size differences
can affect the pump-probe response, iron-loaded eumelanin has a different response
because the oligomers have dramatically different absorption spectra. To confirm
this hypothesis and later simplify the characterization of melanins, I propose

measuring the absorption spectra directly using hyperspectral imaging.
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6. CONCLUSIONS

When this research began, two-color, near-IR eumelanin/pheomelanin
contrast was newly discovered. Synthetic and Sepia melanins, as well as melanin in
hair and in fixed cells, had been analyzed (Fu et al, 2007; Fu et al, 2008), and early
work had begun on imaging fixed human skin biopsy specimens (Fu et al, 2008).

My research began with characterizing synthetic pheomelanin and Sepia
eumelanin using pump-probe spectroscopy in the visible and NIR. After determining
the optimal wavelengths for contrast between the two melanin standards (Piletic et
al, 2010), melanin contrast was implemented in skin biopsy specimens. We found
pump-probe response differences in pigmented lesions, where the melanin in the
most clinically concerning lesions most resembled the Sepia eumelanin standard
(Matthews et al, 2011a).

Early proof-of-principle experiments showed the utility of the melanin
contrast technique in fresh tissue and in vivo mouse imaging (Matthews et al,
2011b), which suggested a human in vivo imaging device was feasible. Preliminary
results of mouse studies show that the pump-probe response of melanins may be
different in melanoma cells with increased metastatic potential, as shown by their
stem cell-like morphology (Figure 36). Continuing in vivo work focuses on
characterizing the features of malignant melanomas and understanding the process
of melanoma development. The biggest challenge to the in vivo aspect of this project
is the lack of melanin heterogeneity in all lesions, both benign and malignant:
melanin in brown and black mice is predominantly eumelanin-like, making it

difficult to detect changes to melanin chemistry.
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Focusing on ex vivo applications, [ used pump-probe microscopy to learn
about the distributions of melanins on a subcellular scale (Simpson et al, 2013a).
This study revealed differences in the melanin distribution among cell types: for
example, macrophages contain homogeneous melanin pump-probe responses
across the cell, but melanocytic nests contain highly heterogeneous melanin pump-
probe responses (Simpson et al, 2013a). Similar to earlier work, we attributed the
differences in the pump-probe responses to the chemical class of melanin — whether
eumelanin or pheomelanin. This confirmed a previous study, which suggested that a
single melanocyte can make both types of melanin (Ito and Wakamatsu, 2008).

[ attempted to use this technique to validate the melanin content in a
fossilized S. Officinalis ink sac; however, a problem arose: the fossil, which was
composed of only eumelanin according to the degradation analysis, contained
melanin with a pheomelanin-like pump-probe response. By considering the
chemical composition of the ink sac, I supposed the most likely cause of the pump-
probe differences was transition metal content. This revealed that iron ions were
causing the eumelanin to have a pump-probe response identical to pheomelanin
(Simpson et al, 2013b). Iron is one of many metals naturally occurring in Sepia
melanin, but when it is purified by Sigma-Aldrich to make the Sepia melanin used
previously as a standard, most of the metals are removed, which is why it had never
been a problem in the past.

The pump-probe response of melanin is more complicated than we
previously understood, as shown by the fossil study, which revealed that the pump-

probe response depends not only on the type of melanin. To further investigate the
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physical and chemical properties that affect the pump-probe response, many
characteristics were varied such as metal content, chemical oxidation, aggregate
size, and extent of photo-damage, possible via photo-oxidation (Simpson et al,
2014). These studies showed that the pump-probe response of melanin is highly
variable and that more tools are necessary to differentiate melanins than simply
their pump-probe response at one power level and one wavelength combination.
For example, to differentiate iron-loaded eumelanin from pheomelanin, images
must be taken at a minimum of two wavelengths (Simpson et al, 2014).

Based on studies where the wavelength combination was varied and on an
extensive literature search, we hypothesized that the pump-probe response
depends on the linear absorption spectrum of the oligomer being excited and the
presence of nearby oligomers that can receive energy (Simpson et al, 2014). For
example, binding iron broadens the absorption spectrum of melanin, which makes
the pump-probe response favor ground state bleaching when the pump and probe
are more spectrally dissimilar (large AApp) than melanin without iron, which
requires near degeneracy (small AApp).

We also found that the fluorescence of melanin is related to the pump-probe
response: fluorescence provides an additional relaxation pathway, which makes the
excited state lifetime shorter. Two-photon fluorescence requires excited state
absorption, so more fluorescent molecules tend to exhibit more excited state
absorption. This argument formed the basis for our hypothesis that the widely-
reported eumelanin “fluorescence activation” was related to the effect of iron in

melanin (Simpson et al, 2014). Chemical and photo-oxidation cause increased
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excited state absorption, similar to removing iron ions from eumelanin, and like
removing iron ions from eumelanin, those processes also enhance fluorescence.
Either oxidation breaks the iron-melanin bond or melanins that contain iron are
selectively degraded due to iron-catalyzed oxidation.

Future work will focus on using pump-probe microscopy as a tool for the
study of melanoma biology and other biological applications. Understanding the
cause of the initial observation that melanin in melanomas has a eumelanin-like
pump-probe response will not only reveal underlying melanoma biology, but it
would also allow the optimization of imaging conditions to make the pump-probe

melanin response a sensitive and specific indicator of melanoma.
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