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The application of UV-free electron laser photoelectron emission microscopy (UV-FEL PEEM) to measure
the threshold photoelectron spectrum and photoionization potential for human eumelanosomes is described.
The origin of potential artifacts and the limitations of the technique are discussed and their potential effects
on the measured photoionization potential are quantified. The UV-FEL-PEEM images collected on human
eumelanosomes isolated from black hair show that the organelle is photoionized by UV-B radiation. The
photoionization threshold is determined to be 4.6( 0.2 eV. This result provides new insight into the origin
of the differences between the photoionization and oxygen photoconsumption action spectra for eumelanins.

Introduction

Photoelectron emission microscopy (PEEM) is an electron
microscopy technique that images the electrons emitted from a
surface illuminated by a beam of light. PEEM has been used to
image various structures on metals and semiconductors.1-4

Applications of PEEM to biological samples have also been
extensively reviewed.5-7 For most samples, PEEM requires an
ultraviolet (UV) light source to achieve photoemission because
most materials of interest have photothreshold energies in the
3-7 eV range.8 In this respect, using a UV free electron laser
(FEL) offers significant advantages in PEEM.9

In studying biological samples, one can apply PEEM in two
different, yet complementary, ways. First, PEEM can be used
solely for imaging, and the goal is to obtain high contrast
between the features of interest in the image. PEEM imaging
was applied to biological samples as early as 1972.10 Since then,
viruses and DNA,11 eukaryotic cells,6 cultured cancer cells,12

and cytoskeletons5 have been studied. Because PEEM is an
ultrahigh vacuum technique, water must be excluded, and the
samples must be fixed and dehydration or quick freezing is
mandatory.6 The majority of PEEM experiments were done on
metal-coated or “stained” samples.13 Coating with a highly
photoemissive metal was required because biological samples
are mostly insulators and therefore have a low photoelectric
yield under the intensity of UV light commonly used. Such
preparations exhibit excellent topographic contrast.13 Because
of this preparation procedure, caution must be exercised in
correlating PEEM-observed structures with those of in vivo
samples. PEEM imaging of fixed unstained biological samples

has also been reported,14 but a common problem with unstained
preparations is low electrical conductivity, which leads to image
distortion due to charging.

Second, quantitative information on the electronic properties
of the sample can be obtained. Photoemission quantum yields
of several classes of biomolecules have been obtained using
PEEM.14,15 In these experiments, a suitable substrate is fully
coated with the film of interest. The total photocurrent on a
phosphor screen was measured with an attached electrometer
when the photon energy of the exciting light was varied.15 This
allows determination of the absolute photoemission quantum
yield. Photoemission quantum yields were reported for poly-
(amino acids),15 sugars, and some other biopolymers,14 but no
values for the threshold photoionization energies were reported.
With a tunable light source, threshold photoionization energies
can be determined. In the case where the biological sample
contains a rich spatial structure, it is possible that the threshold
ionization energy differs for the various constituents, and
therefore wavelength-dependent PEEM images will provide both
imaging information as well as variation in the chemical
properties (ionization potential) within the imaged region.

Herein we use PEEM to study unstained human eumelano-
somes isolated from black hair. Eumelanosomes do not require
any fixation, dehydration, freezing, or staining to study by
electron microscopy.16 The dominant chemical constituent in
eumelanosomes is the pigment eumelanin. The chemical
structure of the pigment is not known; however early steps of
eumelanogenesis are understood, and the pigment results from
the oligomerization (and oxidation) of 5,6-dihydroxyindole and
5,6-dihydroxylindole-2-carboxylic acid.17 In addition, human
hair eumelanosomes contain protein (∼14% be weight) and a
variety of metal cations (∼5 wt %).18 Depending on the chemical
composition and source of melanin, photoionization can occur
either for wavelengths shorter than∼300 nm,19 or under near-
UV and even visible light.20 In these previous works, synthetic
melanin, not human melanosomes were studied. In addition,
photoionized electrons were not directly observed, and instead,
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their presence was inferred via adduct formation.19 It remains
to be determined whether melanosomes can be photoionized
by near-UV or visible radiation, and more specifically, the value
of the threshold photoionization potential.

Threshold photoionization potentials of solids are commonly
determined by nonimaging wavelength-dependent photoemission
techniques. Typically, the dependence of the photoelectron
signal on excitation wavelength is measured for a macroscopi-
cally uniform sample. The Fowler equation is then used to
calculate the threshold photoionization potential.21 Examples of
samples studied using this approach include semiconductors,22

polymers,23 organic solvents, and solutions.24

The technique of variable wavelength threshold PEEM was
developed recently, which allows estimation of threshold
photoionization potential of the given feature in a complex
pattern on the surface.9 However, absolute or relative photo-
emission quantum yield is not directly available from the data.
Herein we describe a quantitative FEL-PEEM technique to
obtain the threshold photoelectron spectra (or relative photo-
ionization quantum yield) and the threshold photoionization
potential of spatially nonuniform biological samples and report
the resulting data for human eumelanosomes under varying
conditions.

Experimental Methods

Sample Preparation. Eumelanosomes were extracted and
characterized as previously described.18 Sections of silicon
substrates (n-type, P-doped, resistivity 0.68-0.72Ω cm, 9× 9
mm2) were cleaned by the standard RCA procedure prior to
deposition of eumelanosomes.25 This procedure results in a
surface terminated with a∼1 nm thick silicon oxide layer. Films
were prepared by spreading the suspension of eumelanosomes
in Nanopure water over the freshly RCA-cleaned Si wafer and
allowing this to dry in air for less than 1 h. Under these
conditions, films of eumelanosomes having irregular structure
are obtained. Despite several attempts, we were unable to
prepare continuous films.

A titanium surface was employed as a standard for the PEEM
measurements. Sections of Si(001) wafers were cleaned by two
cycles of UV-ozone exposure for 5 min followed by an HF
(10%) dip for 1 min to remove hydrocarbon contaminants and
the native oxide layers. The substrates were then mounted to
the sample holder and introduced into the molecular beam
epitaxy chamber (base pressure of<1 × 10-10 Torr), which is
connected to the PEEM chamber. The substrates were submitted
to a thermal treatment at 900°C for 10 min to desorb any
residual contaminants. A 10 nm thick layer of Ti was deposited
at a rate of 0.1 nm/min by electron beam evaporation onto the
cleaned surfaces at room temperature. The sample was then
transferred under ultrahigh vacuum into the PEEM chamber.

Photoelectron Emission Microscopy.The photoemission
electron microscope and the Duke UV-FEL light source have
been described in detail previously.9 We have utilized the
spontaneous emission mode of the Duke UV-FEL in the spectral
range 207-344 nm (6.0-3.6 eV), with an energy full width at
half-maximum of∼0.1 eV. The PEEM images were acquired
with a DVC 1312M digital camera from DVC Company, Inc.
(Austin, TX). The camera resolution is 1300× 1030 pixel x
12 bits. The DVC View program was used to view/save images.
We typically imaged assemblies of eumelanosomes at field of
views in the PEEM of 150µm, and single eumelanosomes at a
field of view of 5 or 1.5µm. The focusing of the FEL was
optimized for each wavelength used; the FEL spot size on the
sample was∼30 × 100 µm.

Image Analysis.First, a PEEM image of the film at the given
excitation wavelength was collected and saved as a graphic file.
The total image size was typically 1292× 1030 pixels. The
file was opened in Irfan View image-processing software, and
the desired image fragment was selected (e.g., an aggregate of
eumelanosomes) and saved as a separate graphic file. The typical
size of an image fragment was between 10 and 40 pixels in
each dimension, corresponding to a few melanosomes, and
significantly smaller than the spot size of FEL, and therefore,
the irradiance at each pixel in the given image fragment was
essentially constant.

A gray scale histogram (8 bits per pixel) of the image
fragment was plotted by the Scion Image software, and the
histogram was saved as an ASCII file. The X column of the
histogram contains gray scale depthsi in units from 0 to 255
(8-bit scale), and the Y column contains the numbers of pixels
N(i) in the histogram, having the given gray scale depthi. This
ASCII file with the gray scale histogram was opened with
Microcal Origin software. The sum

was calculated. In this equation,S equals the integrated
brightness of the image fragment used, and this value is taken
to be proportional to the photocurrent collected.

The ideal shape of the color histogram approaches a Gaussian
distribution centered close to the middle of an abscissa (i )
128). Color histograms partially or completely located ati ) 0
or i ) 255 units were regarded as black or white color saturation,
respectively. “Color saturation” is an artifact, and in this case
the photoelectron current is not proportional toS. This was
avoided by adjusting the software gain of the image acquisition
program.

Three instrumental settings influenceS(λ): electron multi-
plication gainGh of the MCP electron multiplier (“hardware
gain”), image-enhancing gainGs of the image-acquiring program
(“software gain”), and incident laser power. If constant settings
of Gh andGs are used as the wavelength is scanned,S(λ) changes
considerably. This could lead to black or white color saturation.
To avoid this, the software gainGs in the imaging program was
adjusted and this was taken into account in determiningS(λ).
In a few cases, the dynamic range available forGs was not
sufficient to avoid color saturation, andGh was also adjusted.
To calibrate the effect ofGh on S(λ), PEEM images were
collected at fixed wavelength and software gainGs, but with
different hardware gainsGh. The ratio ofS(λ) provided the
needed correction factor.S(λ) also depends on the incident
power at each wavelength. We measured the power of the FEL
as function of photon energy at the input port of the PEEM
chamber.S(λ) was normalized to a constant fluence (photons/
sec). We could not determine the light fluence on the sample
within the PEEM microscope. Therefore, the wavelength-
dependent data reveal relative, not absolute, photoionization
quantum yield. The Fowler equation was used to calculate the
threshold photoionization potential:26

In the above expressionC is constant and depends on the
particular material studied,Φ is the threshold photoionization
potential, andhν is the photon energy. If a plot ofS(λ)1/2 as a
function of hν is linear, then the threshold photoionization
potentialΦ is obtained by determining the value ofν where
S(λ)1/2 f 0.

S) ∑
i

i*N(i) (1)

S(λ)1/2 ) C*(hν - Φ) (2)
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Results and Discussion

PEEM of Ti on Si(001).Figure 1 showsS(λ)1/2 as a function
of hν for the Ti film on Si(001). The Ti film has a thickness of
10 nm and appeared uniform under PEEM imaging. This system
served as a control experiment for the above-described analysis.
Extrapolation toS(λ)1/2 f 0 gives a value for the threshold
photoionization potential of∼4.5 ( 0.2 eV.

The reported work function of Ti is 4.33 eV,27 which is in
good agreement with this value. For a thin film, the underlying
substrate can be photoionized and transmission of these electrons
through the film would contribute to the PEEM signal. Si(001)
is photoemissive for the short-wavelength region of the FEL
output used. However, all photogenerated electrons would be
scattered by a 10 nm thickness of Ti. UV light penetration is
also short in metals, and a 10 nm film of Ti will efficiently
absorb the incident UV light.28 Thus, the electron signals
originate from the Ti film and represent the electronic properties
of Ti. We note that FEL light (spontaneous emission mode) is
not monochromatic but has a bandwidth of 1% of the center
wavelength. This results in a systematic error of<50 meV in
the determined threshold value. This experiment serves to
validate the above-described approach for determining the
threshold photoionization potential from wavelength-dependent
PEEM images.

PEEM Images of Eumelanosomes.Parts A and B of Figure
2 show an image of human hair and bovine eye retinal pigment
epithelium eumelanosomes, respectively, on a Si substrate.
Single melanosomes as well as aggregates are observed in these
images. Hair eumelanosomes tend to aggregate more upon
drying than the bovine retinal pigment epithelial melanosomes.
Figure 3 shows a PEEM image of a single such bovine eye
melanosome at a field of view of 1.5µm, demonstrating that
good quality images of single melanosomes can be obtained.
The elongated shape with an aspect ratio of about 3 is well
visualized. There are several small black spots, which are
imaging artifacts due to damaged spots on the microchannel
plate detector. The dark strip parallel to the long axis of the
eumelanosome is attributed to a shadowing effect in PEEM.

Threshold Photoionization Potentials.The photoelectron
signals from the single melanosome are weak forλ ∼ 250 nm.
To collect sufficient PEEM signals to carry out the determination
of the threshold photoionization potential, an aggregate of
eumelanosomes was imaged, and theS(λ) for the total image
was determined. These studies were restricted to the black-hair

eumelanosomes. The wavelength-dependent threshold photo-
electron spectrum using the full tuning range of FEL is shown
in Figure 4.S(λ)1/2 shows an essentially linear dependence on
hν. ExtrapolatingS(λ)1/2 f 0 gives a threshold photoionization
potential to be∼4.6 ( 0.2 eV. Various aggregates of eumel-
anosomes were examined. The results were independent of the
particular aggregate studied.

The effect of the thickness of the eumelanosome deposit on
the determined threshold photoelectron spectrum was also
examined. Specifically, a submonomer film was compared to

Figure 1. Square root of the brightness of the PEEM image,S1/2, of
a Ti film (10 nm thick) on Si(001) substrate plotted as a function of
excitation wavelength. Extrapolation toS(λ)1/2 f 0 gives a value for
the threshold photoionization potential of∼4.5 ( 0.2 eV.

Figure 2. PEEM images of irregular films of melanosomes athν )
5.6 eV: (a) human black hair melanosomes; (b) bovine retinal pigment
epithelial melanosomes. Field of view is 150µm.

Figure 3. PEEM images of single bovine retinal pigment epithelial
melanosome: field of view 1.5µm, hν ) 240 nm.

Figure 4. Square root of the brightness of the PEEM image,S1/2, of
black human hair melanosomes plotted as a function of excitation
wavelength. Extrapolation to S(λ)1/2 f 0 gives a value for the threshold
photoionization potential of∼4.6 ( 0.2 eV.
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one that consisted of∼10 layers. Both showed a nearly linear
dependence ofS(λ)1/2 versushν. ExtrapolatingS(λ)1/2 f 0
revealed the same threshold photoionization potential of as that
reported above.

In UV-PEEM studies of photoelectron quantum yields of
biomolecules, a sample thickness of several hundred nanometers
is considered sufficient to completely block photoelectrons
originating from the substrate.15 Human black hair melanosomes
are ellipsoidal in shape with long axis of∼1 µm and an aspect
ratio of∼2.5.18 So a single melanosome is thick enough to block
photoelectrons from the underlying Si(001) substrate. Moreover,
the exposed oxidized Si substrate would have a photothreshold
of ∼5 eV.29 The measured threshold photoionization potential
therefore reflects the property of the melanosomes, independent
of the film’s regularity and thickness in the place of interest.
As stated in the results section, within experimental error, the
threshold photoelectron spectra were independent of the thick-
ness of the film of melanosomes.

In addition to the artifacts discussed under the Ti/Si(001)
model system, the following need to be considered in determin-
ing the accuracy of the threshold potential for the melanosomes
by PEEM. First, in contrast to the Ti sample, the film of
melanosomes is rough. The effect of sample roughness on the
PEEM measurement is to decrease the value of the measured
threshold photoionization potential compared with its true value.
The origin of this effect is due to field enhancement, and one
of the crucial parameters in determining the field enhancement
is the aspect ratio of the topographic features.8

For the samples studied, there are two topographic aspect
ratios: the intact melanosome and its fine structure. The black-
hair eumelanosome is oval with an aspect ratio of∼2.5.17 In
addition, there are nanoscale fine structures within the melano-
some, whose aspect ratio does not exceed∼2.16 Therefore, the
estimated largest aspect ratio for the samples of melanosomes
is <3. This aspect ratio is similar to that recently studied for
Cu features (dots and wavy lines) on Mo substrate.9 These
features cause a decrease in the measured work function by
∼200 meV from the established value for Cu films on Mo.
Therefore, the roughness of this aspect ratio can cause an
artifactual decrease of the measured threshold photoionization
potential by∼200 meV.

Second, the strong electric field at the surface of the sample
leads to a lowering of the electron emission barrier, an effect
that is commonly referred to as the Schottky effect. The barrier
(e∆φ) is lowered by30

In the above expressionE is the applied accelerating field in
the PEEM andεo is the permittivity of free space. In the FEL-
PEEM experiments,E ) 100 kV/cm ande∆φ ) ∼120 meV.
Thus, taken together, the roughness artifact and the Schottky
effect could reduce the value of threshold photoionization
potential by∼300 meV.

Implications for Eumelanosomes.In the FEL-PEEM ex-
periment, the melanosomes are photoionized under vacuum, and
thus the photoionization potential is referenced to the vacuum
level. The potential of an electron at rest in a vacuum
corresponds to-4.44 V versus NHE31 and so the oxidation
potential of eumelanosomes vs NHE is∼-0.2 V. Though one
must be careful in comparing potentials measured for intact
melanosomes with those of synthetic melanin, it is interesting
to note that the electrochemicalE1/2 potential for the thin films

of 5,6-dihydroxyindole-melanin is 125 mV versus Ag/AgCl,
which was attributed to the quinine-imine couple.32 Cyclic
voltammetric measurements of synthetic dopamine melanin at
pH 5.6 reveals two main peaks in oxidation at+460 and+525
mV versus SCE.33 Both measurements on synthetic systems are
in reasonable agreement with that determined in the present
study for the intact eumelanosome.

The action spectrum for the photoionization of bovine eye
eumelanosomes was obtained by electron spin resonance spin-
trapping experiments. The apparent threshold for photoionization
was found to be about 4.1 eV (∼300 nm).19 The measurement
herein on human eumelanosomes is 4.6 eV (270 nm), which is
in reasonable agreement with the previous observations. It is
interesting to note the action spectrum for photoionization
reported by Kalayanaraman et al. is in good agreement with
the action spectrum of oxygen photoconsumption for wave-
lengthsλ < 250 nm.19 However, unlike the photoionization
action spectrum, the action spectrum of oxygen photoconsump-
tion exhibits a tail atλ > 250 nm, i.e., in the UV-B and -A
regions, with an offset of about 2.5 eV (∼500 nm).

The agreement between the two action spectra forλ < 250
nm strongly supports a conclusion that the first step of oxygen
activation is photoionization of the melanosome, followed then
by scavenging by molecular oxygen to form the superoxide
radical anion. But the differences between the photoionization
and oxygen photoconsumption action spectra forλ > 250 nm
seem to imply a different mechanism is involved in oxygen
activation in this wavelength region.

However, the differences between these action spectra can
be attributed to the properties of intact melanosomes and
dissolved oligomers, and not a change in reaction mechanisms
with different excitation wavelengths. Specifically, we previ-
ously demonstrated the action spectrum for the photoconsump-
tion of oxygen agrees quantitatively with the absorption
spectrum of the small oligomeric subunits (molecular weight
less than 1000 amu) that comprise the eumelanin pigment in
both hair and Sepia.34,35 Furthermore, aggregation of these
oligomeric species mitigates the generation of reactive oxygen
species.36 We therefore attribute the differences between the
photoionization and oxygen photoconsumption action spectra
to the reactivity of oligomeric species that were solubilized in
the sample preparation as compared to experiments on intact
melanosomes.

In conclusion, the photoionization threshold of human eu-
melanosomes isolated from black hair determined to be 4.6(
0.2 eV using UV-free electron laser photoelectron emission
microscopy. This result is in reasonable agreement with
electrochemically measured oxidation potentials of melanin
samples, as well as with the threshold for the action spectrum
of photoelectron generation of melanosomes in solution. These
studies establish that FEL-PEEM can be a powerful technique
for characterizing the electrochemical properties of pigments.
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