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ABSTRACT

A technique for measuring the photoionization spectrum and the

photoelectron emission threshold of a microscopic structured

material is presented. The theoretical underpinning of the experi-

ment and the accuracy of the measurements are discussed. The

technique is applied to titanium silicide nanostructures and

melanosomes isolated from human hair, human and bovine retinal

pigment epithelium cells, and the ink sac of Sepia officinalis.

A common photothreshold of 4.5 ± 0.2 eV is found for this set of

melanosomes and is attributed to the photoionization of the

eumelanin pigment. The relationship between the photoionization

threshold and the electrochemical potential referenced to the

normal hydrogen electrode is used to quantify the surface

oxidation potential of the melanosome. The developed technique

is used to examine the effect of iron chelation on the surface

oxidation potential of Sepia melanosomes. The surface oxidation

potential is insensitive to bound Fe(III) up to saturation, suggest-

ing that themetal is bound to the interior of the granule. This result

is discussed in relation to the age-dependent accumulation of iron

in human melanosomes in both the eye and brain.

INTRODUCTION

Melanin is found in the skin, hair, eyes, inner ear and brain of

the human body. Variations in concentration and distribution
of melanin pigments—eumelanin (black) and pheomelanin
(red)—account for the color range in human skin, hair and

irises. In addition to generating color, a number of biological
functions are commonly ascribed to melanins, including
photoprotection (1–3), free radical scavenging (4) and the
sequestering of transition metal cations (5), such as Fe(III),

Cu(II) and Zn(II).
Melanin is synthesized in cellular organelles called melano-

somes. The details of this process are not understood; however,

the initial steps involve the enzymatic oxidation of tyrosine (6).
In the case of eumelanin, the oxidized products 5,
6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxy-

lic acid (DHICA) are hypothesized to be the major molecular
building blocks that oligomerize to form the pigment. Trans-
mission electron micrographs of black melanosomes in the

early stages of pigmentation reveal the presence of a scaffold,

presumed to be a proteinaceous material, within the organelle
(7). Pigment deposits appear along this scaffold and expand to

fill the organelle. Atomic force microscopy (AFM) studies
reveal substructure, suggesting that melanosomes are com-
prised of �30 nm subunits (8–10).

One of the most important topics regarding melanin focuses

on the ability of the pigment to both mitigate and cause
oxidative stress. The former is considered to be protective; the
latter is deleterious to human health. The balance between the

oxidative and reductive behavior of the pigment likely plays an
important role in modulating stress, most notably in the skin
(11), retinal pigment epithelium (RPE) (5,12,13) and Substantia

nigra (14,15). Small eumelanin oligomers have been identified
as the important constituents resulting in photoinduced
formation of reactive oxygen species (16) and their aggregation
mitigates these processes (17), and so knowledge of the surface

oxidation potential would serve as a fundamental starting
point for assessing the role of the melanosomes in such
processes. Unfortunately, the oxidation potential of human

melanins has not been determined.
Photoelectron emission microscopy (PEEM) is a powerful

approach for obtaining spatially resolved images of intact

biological organelles (18). Images have been reported for
viruses (19), eukaryotic cells (20), cultured cancer cells (21) and
cytoskeletons (22), although a number of these samples

required metal coating to alleviate their low electrical conduc-
tivity. There have also been a number of studies detailing the
photoemission quantum yields of biological samples (23,24).

Recently, we have exploited the tunability of the Duke OK-4

free electron laser (FEL) to determine the photothresholds of
black and red melanosomes isolated from human hair (25).
Herein, we focus on the threshold potential of eumelanosomes

from a variety of natural sources and examine the theoretical
analysis of the data and possible effects of transient heating by
the incident FEL beam. The connection between the vacuum

threshold potential and the electrochemical potential versus
NHE is also discussed. The data on melanosomes are then
presented and framed in terms of their ability to induce

oxidative stress. Specifically, the effect of iron concentration
on the oxidation potential is explored.

MATERIALS AND METHODS

Melanosomes. Details of the isolation and characterization of mel-
anosome samples from human hair and eyes, bovine eyes and from the
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ink sac of the Sepia officinalis as well as the preparation and
characterization of the Fe(III)-loaded Sepia granules have been
published previously (26–28). After isolation, the melanosome suspen-
sion was diluted in Nanopure water and spread over RCA-cleaned
silicon wafers (n-type, Æ100æ, resistivity 0.05–0.1 X cm). The RCA
cleaning procedure results in a surface terminated with an �1 nm thick
silicon oxide layer. The films were allowed to dry for no more than 1 h
and then placed into the vacuum system. The films of melanosomes
were all submonolayer in thickness.

Titanium samples. A section of a silicon wafer (n-type, Æ111æ,
resistivity 0.8–1.2 X cm) was employed as the substrate for the
titanium silicide sample. The wafer was cleaned by UV-ozone exposure
followed by an HF-based spin etch, and then by in situ annealing at
900�C for 10 min (base pressure £2 · 10)10 Torr). About two mono-
layers of Ti were deposited by electron beam evaporation at a rate of
one monolayer per minute onto the clean Si surface at room
temperature by electron beam evaporation. The sample was then
heated to 1000�C for 10 min to induce TiSi2 island and nanowire
formation (29), cooled to room temperature and examined with the
forthcoming UV-PEEM procedure.

FEL-PEEM measurements. The PEEM measurements were carried
out in an Elmitec UHV photoelectron emission microscope. The field
of view of the instrument can be varied between 1.5 and 185 lm with a
maximal resolution of <15 nm and a base pressure of
£2 · 10)10 Torr. A high voltage of 20 kV is applied between the
anode and the sample surface, with the sample being held negative, in
order to accelerate the emitted electrons through the electron optics of
the microscope. The distance between the anode and sample surface
was typically �4 mm resulting in an applied field of �5 V lm)1.
Electrons emitted from the sample pass through a perforated anode
and are imaged with a fluorescent screen. A microchannel plate
between the fluorescent screen and electron optics intensifies the image
and a CCD camera records the data.

We utilized the spontaneous emission mode of the Duke UV-FEL
in the spectral range 206.5–413.5 nm (6.0–3.0 eV), with an energy full
width at half-maximum of �0.1 eV. The specifications of the Duke
FEL are described elsewhere (30). The output radiation of the FEL in
spontaneous mode at high energies corresponds to the on-axis
radiation in the forward light cone for the fundamental harmonic
only. At high photon energies (>4 eV), the higher harmonics do not
affect the PEEM images due to almost complete absorption in the air
and optics. For energies at or below 4 eV, a cut-off filter was inserted
into the beam line (�95% transmission at 4 eV) to negate any
harmonic effects for low energies.

Image processing. The PEEM images for each wavelength were
recorded with a DVC 1312M digital camera from DVC Company, Inc.
(Austin, TX). The camera resolution is 1300 · 1030 pixels · 12 bits.
The DVC View program was used to display and save images. We
typically imaged assemblies of eumelanosomes at fields of view in the
PEEM of 20 lm. The FEL spot size can be described by an elongated
oval with axial dimensions of approximately 30 and 100 lm. The FEL
focus was optimized for each wavelength.

An image for each wavelength of light, corresponding to a single
data point on the photoionization threshold curves, was recorded
using the above software and converted to an 8-bit file. An area in each
image, corresponding to one or to a few melanosomes, was then
selected at each wavelength, and the histogram of the region was
copied and pasted into either Excel or Igor software. The size and
shape of the selected region were kept constant between wavelength
images. The X column of the histogram contains 8-bit-scale gray scale
depths, i, in units from 0 to 255, and the Y column contains the
number of pixels, N(i), in the histogram, having the given gray scale
depth, i. At each wavelength examined, the integrated brightness, S,
where

S ¼
X
i

iNðiÞ; ð1Þ

was calculated for each fragment. This value is taken to be propor-
tional to the photocurrent collected from the region. The integrated
brightness for each emitting portion is affected by several instrument
parameters. If these instrumental settings are left unchanged during a
wavelength sweep, S(k) changes considerably and suffers from
intensity saturation. The ideal shape of the intensity histogram would

be a Gaussian distribution centered close to i = 128. Intensity
histograms partially or completely located at i = 0 or i = 255 are
regarded as black or white saturated, respectively. In these cases,
information regarding the brightness of the emitting portion is lost,
and the photoelectron current is no longer proportional to S. In order
to avoid these artifacts, the software gain of the DVC imaging
program was adjusted accordingly. The integrated brightness was then
corrected using the equation:

gain (db) ¼ 20 log10 G: ð2Þ
On occasion, the available software gain does not provide a broad
enough range to limit saturation. In these cases, a single change to the
voltage across the microchannel plate was used. To calibrate for this
change on S, PEEM images were collected at fixed wavelength and
software gains, but with different MCP voltages. The ratio of S
between the images provided the needed correction factor. The
incident photon flux at each wavelength of the FEL also affects the
integrated brightness of the emitting region. The incident power of
the spontaneous radiation at the input port of the PEEM depends on
the current in the FEL storage ring and any absorption that may occur
due to optics in the beam path. Because of the large number of
permutations possible, power measurements were recorded for each
wavelength at a minimum of five different FEL ring currents. The
incident power was then taken from linear extrapolations of the data,
and S was normalized to a constant photon flux (photons s)1) for each
wavelength. The power as a function of FEL ring current for four
wavelengths is displayed in Fig. 1. The linear nature of the power
versus ring current is evident and was observed at all wavelengths of
interest. We could not determine the light fluence directly on the
sample within the microscope; therefore, the wavelength-dependent
data reveal relative, not absolute, photoionization quantum yields.

RESULTS AND DISCUSSION

Modeling of the wavelength-dependent PEEM emission

In 1931, Fowler (31) reported an expression for the photoelec-
tric current in the vicinity of the threshold for emission as a

function of temperature and frequency of incident radiation.
Photoelectric emission data for gold, silver, tin, potassium and
tantalum were analyzed based on this model, and the measured

values of photocurrent as a function of temperature and
incident light displayed excellent agreement to the theoretical
fit. Dubridge (32), in 1933, extended the theory presented by

Figure 1. The power incident on the input port of the PEEM is
measured as a function of FEL ring current for four representative
wavelengths used in this study. The data are well described by a series
of linear fits; a single set of parameters is incapable of fitting the data
for all excitation energies because of the wavelength-dependent
absorption of optics in the beam’s path. All images were recorded
between 20 and 45 mA ring current and the integrated brightness was
normalized to a constant photon flux.
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Fowler to account for the energy distribution of the emitted
electrons. These papers, taken together, form the basis for what
is known as the Fowler–Dubridge theory of photoemission. The
experimental data herein were fit using Fowler’s first analysis of

observation equations. In this treatment, the photocurrent,
which we have taken to be proportional to the integrated
brightness of the region under analysis, is described by

Iðv0 � hmÞ1=2=T 2 ¼ Afð½hm� v�=kTÞ; ð3Þ

where A is a scaling constant independent of m and T. In the
above equation, f(u) is a term by term integration of the

number of available electrons in a certain energy range des-
cribed by Fowler and is given by

fðuÞ ¼ eu � e2u=4þ e3u=9� � � � ðu � 0Þ; ð4Þ

fðuÞ¼p2=6þu2=2�ðe�u�e�2u=4þe�3u=9����Þ ðu�0Þ: ð5Þ

The values of the scaling constant, A, and the photothreshold,
v, can be determined by curve fitting software using an iter-

ative Levenberg–Marquardt algorithm that minimizes the chi-
square value.

Modeling of the heating due to FEL excitation

The above analysis requires knowledge of the temperature of
the sample. In fitting the experimental data to the Fowler
equation, this value is taken to be that of the temperature of

the substrate in the vacuum chamber. However, the incident
light penetrates through the sample and thereby exceeds the
escape depth of electrons. Thus, photoionization occurs within
the materials, and for the electrons that do not escape, this

energy is released through the emission of lattice phonons.
This process will result in a temperature increase in the sample.
It is important to determine the magnitude of the change

relative to the ambient temperature of the sample. The
spontaneous emission of the Duke-FEL is well modeled by a
train of square-wave pulses. Each train consists of 10 pulses

with constant peak power, P, with pulse duration of Dt and a
spacing between pulses of Tp. The train has a repetition period
of Tt. Following the work by Liau et al. (33), the temperature
profile of the sample is given by

Tðz; tÞ ¼
Z t

0

ð1=qsÞfexpð�z2=4Dh½t� t0�Þ=ðpDh½t� t0�Þ1=2g

Pðt0Þ dt0 þ Tr; ð6Þ

where t is the time, z is the depth into the sample, Tr is

room temperature and q, s, and Dh are mass density,
specific heat and thermal diffusivity of the sample, respect-
ively.

Taking z = 0, Eq. (1) yields

Tð0; tÞ ¼ Tmðt=DtÞ1=2 þ Tr; ð7Þ

with Tm, the maximum temperature rise, being given by

Tm ¼ ð2=p1=2ÞfPDt=ðqs½DhDt�1=2Þg: ð8Þ

Taking the duty cycle of each pulse in the train to be 5 · 10)2

and the duty cycle of the train to be 2 · 10)1, the peak power
of a single pulse is approximately 100 mW. The FEL

irradiation, focused to a diameter of 100 lm, is incident on the
surface of the sample at an angle of approximately 10� and
illuminates an ellipsoidal area. Taking this into consideration
and assuming that the entire pulse is delivered to and absorbed

by the melanosome, the corresponding maximum temperature
rise per peak is 0.012 K. If there is no cooling between pulses
in the train, the maximum temperature rise per train is 0.12 K.

The time between pulses is approximately 300 ns, which is
sufficient for complete cooling, meaning this value represents
an overestimate of the ambient rise in sample temperature

during the experimental run and the effects of transient heating
are negligible. Previous modeling of high-powered infrared
pulses delivered by the FEL to alternating layers of protein

and saline indicated the possibility of ablation due to heating
(34). However, the experimental details presented here are
significantly different from the previous study; no rise in
temperature was detected at the sample surface during our

experiments.

FEL-PEEM results of black pigments

Thin Ti films and TiSi2 represent control measurements for our

UV-FEL-PEEM analysis because the work function for the
bulk materials has been determined by established methodol-
ogies to be 4.33 and 4.53 ± 0.03 eV (35), respectively. We

have previously reported the UV-FEL-PEEM results from Ti
films, and found a threshold potential of 4.5 ± 0.2 eV (36), in
good agreement with the reported work function of 4.33 eV.

The topographic features of the melanosome samples could

give rise to ‘‘edge effects’’ that may affect the measured
photothreshold values. To address this point, we have exam-
ined the threshold potentials of nanostructures of TiSi2. The

TiSi2 islands typically have diameters between 200 and 600 nm
and are assumed to be approximately hemispherical in shape.
Figure 2 presents a PEEM image of the TiSi2 islands and

nanowires obtained at photon energies of 5.0 eV. The wave-
length-dependent intensity data for the central nanowire in the
image is also shown. The data are well described by Eqs.

(3)–(5), revealing a photothreshold of 4.7 ± 0.2 eV, also in
good agreement with the reported work function. Therefore,
we conclude that the topographic features of TiSi2 nanostruc-
tures do not result in a significant deviation of the measured

photothreshold.
FEL-PEEM images were collected for melanosomes isola-

ted from black human hair, the ink sacs of Sepia, bovine RPE

Figure 2. A PEEM image of TiSi2 islands and nanowires taken at
248 nm illumination is presented on the left. The central nanowire’s
wavelength-dependent emission is shown on the right (points) and the
fit to the data (line) reveals a photothreshold of 4.7 ± 0.2 eV which is
in reasonable agreement with the reported value of 4.53 ± 0.03 eV.
Analysis of islands resulted in an identical photothreshold value.
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cells, and human RPE cells. Melanosome samples have more
significant topography than the TiSi2 islands, which may affect

the vacuum barrier in the photoionization measurements.
Figure 3 shows a scanning electron micrograph of melano-
somes isolated from the ink sac of Sepia officinalis and black

human hair. As these images show, Sepia melanin granules are
about 150 nm of diameter, while black hair melanosomes are
mostly ellipsoidal with the long axis about 1 lm. Such ‘‘sharp’’
structures could give rise to electric field enhancement, which

could affect the measured potential. The most commonly
recognized influence of a high electric field is the deflection of
the potential barrier and its implications to the phenomenon

known as field emission. However, a second consequence of
the applied electric field is a lowering of the potential barrier.
This is commonly referred to as the Schottky effect. In the case

of melanosomes, the field enhancement should be well
approximated by a hemispherical geometric object on a plane,
which is a system that has been solved exactly and has a field

enhancement factor equal to 3 (37). An enhancement of this
magnitude would result in a reduction of the vacuum barrier of
�0.13 eV, and while this would be a systematic error in the
measurement, it is smaller than the current uncertainty of the

measurement, ±0.2 eV. The threshold ionization potentials
determined by fitting Eqs. (3)–(5) to the experimental data on
a range of black melanosomes show a narrow range: 4.7

(Sepia) and 4.4 eV (human and bovine RPE samples and
human hair). The dominant species that is photoionized in
these samples is eumelanin and all samples studied indicate a

surface threshold potential of 4.5 ± 0.2 eV.

FEL-PEEM results of Fe(III) loading on Sepia

With increasing age, the photoinduced uptake of oxygen by

different age cohorts of human RPE melanosomes shows an

increase of the activation of oxygen (38). There are data
in support of the conclusion that Fe(III) accumulates in
neuronal melanosomes with age (5,39). In addition, RPE
melanosomes show an increased blue-light induced emission

with age (40), which Schraermeyer and coworkers (41)
attribute to oxidation of the pigment. Collectively, these data
suggest the age-dependent increase in aerobic photoreactivity

reflects a lowering of the surface oxidation potential through
either oxidative damage or iron binding. These two mecha-
nisms could also be linked. While Fe(III) is largely unreac-

tive, when reduced to Fe(II), the resulting Fenton chemistry
can induce significant oxidative stress in cells. In a recent
study on Fe(III) binding by DHI and DHICA, Charkoudian

and Franz (42) reported that the oxidation of DHI and
especially DHICA are accelerated in the presence of iron.
While no oxidation potentials have been reported, these
results certainly support the conclusion that upon binding of

Fe(III), DHI and DHICA become more reductive. This
suggests that the binding of Fe(III) to the surface of the
melanosome should affect its oxidation potential, and poten-

tially increase the capacity of the melanosome to induce
oxidative stress in vivo. What is lacking are experimental data
on whether Fe(III) bound to the surface of the melanosome

affects the surface oxidation potential.
A previous report from our laboratory presented the

analysis of SEM images showing that the diameter and
surface characteristics of Sepia melanosomes were unaffected

by added Fe(III) up to the saturation limit of 86 000 ng mg)1

melanin (26). For solution at pH 4, the binding of an
individual Fe(III) cation is accompanied by the release of �3
H+, suggesting that binding occurs to catechol groups (43).
Such binding is consistent with recently reported Raman
studies (44). Both the dark- and light-induced aerobic

reactivity of Sepia granules is enhanced upon saturation with
Fe(III) (43). This reactivity is dependent on the buffer used
and whether EDTA is present in the solution. And so, it is

not clear whether or not the increased reactivity results from
a change in surface potential due to Fe(III) binding or
changes in the availability of Fe(III) due to experimental
conditions.

To address whether Fe(III) binding affects the surface
oxidation potential, we determined the threshold photoion-
ization energies for Sepia melanosomes with varying levels

of Fe(III) up to saturation. The saturation limit corresponds
to about one Fe(III) for every four monomeric building
blocks in the pigment. The results from EDTA-treated and

Fe(III)-saturated Sepia, the two limiting cases, are presented
in Fig. 4. The threshold photoionization energy for the
Fe(III)-saturated sample is within the experimental error of
that of the EDTA-treated sample. This result supports the

conclusion that the binding of Fe(III) to the melanosome
has negligible effect on the surface oxidation potential of the
organelle.

The FEL-PEEM results on the iron-loaded samples indicate
that the melanosome effectively sequesters Fe(III) up through
saturation. If there are changes in the surface structure that

accompany iron binding, which would need to be at a level
irresolvable by SEM or AFM, such changes do not produce
measurable differences in the electrochemical properties. As

both RPE melanin and neuromelanin accumulate iron with
age, the results on this model system would suggest that such

Figure 3. SEM images of melanin granules from Sepia officinalis (top)
and melanosomes isolated from human black hair (bottom).
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itself does not increase the aerobic reactivity of the pigment.
The increased aerobic reactivity of Fe(III)-enriched melanin
observed in previous research may be due to the release of free

Fe(III) by the pigments into solutions.

CONCLUSION

A procedure for measuring the spatially resolved photo-
threshold of a heterogeneous sample is established. The
technique relies on the imaging capabilities of our PEEM in

conjunction with the tunability of the Duke UV-FEL. The
data correction and fitting procedure are reviewed and
applied to two samples with known photothresholds, thin
titanium films and nanostructured TiSi2. The data acquired

from these samples are well described by the fitting
procedure and the measured photothreshold agrees with
reported values, within the error of the measurement. The

technique is applied to melanosomes isolated from human
hair, human and bovine RPE cells and the ink sac of the
Sepia officinalis and a common photothreshold of

4.5 ± 0.2 eV is found. This value is attributed to the
photoionization of the eumelanin pigment contained in the
samples and the relevance to oxidative stress is discussed. To

further investigate the role of eumelanin on oxidative stress,
the effect of iron loading on the photothreshold of eume-
lanosomes isolated from Sepia officinalis is examined. No
measurable difference in the photothreshold is detected from

these samples, suggesting that the aerobic reactivity of the
pigment is not increased upon accumulation of iron. The
increased aerobic reactivity of Fe(III)-enriched pigment

observed in previous research may be due to the release of
free Fe(III) by the pigments into solutions.
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