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BIOCHEMISTRY

The photoreactive free radical in eumelanin

Albertus B. Mostert," Shermiyah B. Rienecker,”* Christopher Noble,?

Graeme R. Hanson,? Paul Meredith**

Melanin is the primary photoprotecting pigment in humans as well as being implicated in the development of
deadly melanoma. The material also conducts electricity and has thus become a bioelectronic model for proton-
to-electron transduction. Central to these phenomena are its spin properties—notably two linked species derived
from carbon-centered and semiquinone radicals. Using a novel in situ photoinduced electron paramagnetic
resonance technique with simultaneous electrical measurements, we have elucidated for the first time the distinct
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photoreactivity of the two different radical species. We find that the production of the semiquinone is light- and
water-driven, explaining the electrical properties and revealing biologically relevant photoreactivity.

INTRODUCTION

The melanins are a class of functional biomacromolecule found
throughout nature in diverse roles including pigmentation, free radical
scavenging, hard radiation protection, and even high-adhesive-strength
structural components (1-6). The predominant and archetypal form of
eumelanin (hereafter referred to as simply melanin) is the main photo-
protectant in humans (2) but is also found in the substantia nigra of
primates (as neuromelanin) (7), where it may serve as a chelator of po-
tentially harmful transition metal ions (8, 9). In what appears to be a
direct contradiction of its photoprotective and free radical scavenger
functions, melanin is also implicated in the development of deadly
melanoma cancers of the eyes and skin (4, 10). The photoreactivity of
these pigments is thus a matter of considerable interest, and in this re-
gard, natural and synthetic melanins have been shown to have almost
unity nonradiative dissipation of absorbed ultraviolet and visible radia-
tion (11). In addition, continuous wave (CW) electron paramagnetic
resonance (EPR) has shed light on its spin properties, and a persistent,
stable free radical appears to be a central feature of melanin physio-
chemistry (2). Finally, in what may be the most intriguing of its properties,
melanin has been recently suggested to be a hybrid electrical conductor in
the solid state (12). In these landmark experiments, it was demonstrated
(12-14) that melanin is predominantly a proton conductor when suitably
hydrated—an observation that broke several decades of misinterpretation
of these materials as p-type amorphous “natural semiconductors” (13).
This collection of optoelectronic properties has established melanins
as model systems in the emerging field of bioelectronics (15) and,
furthermore, stimulated renewed interest in finding biologically derived
materials that can sustain macroscopic protonic and electronic conduc-
tion (16-20).

The underlying structure-property relationships that control many
of these complex and diverse phenomena in melanins are not well
understood (2). Structural disorder at the molecular and higher levels
is, however, an accepted defining feature of melanin (2, 21), as is its
local reactivity with absorbed water (12, 22). This latter feature is de-
rived from the constituent molecular building blocks of melanin—
indolequinones in various degrees of oxidation, cross-linked and
organized into extended heteroaromatic sheets (2, 21, 23). The local
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reactions of water with hydroquinone and quinone moieties are
thought to be governed by the equilibrium shown in Fig. 1: a relatively
simple scheme termed the comproportionation equilibrium. It has
been proposed that this reaction is the mechanistic origin of the mac-
roscopic electrical conductivity. In this hypothesis, the production of
hydronium equates to a population of labile protons able to diffuse
through the hydrating water matrix via Grotthuss hopping (12, 14, 22).
The addition of water shifts the equilibrium to the right by Le Chatelier’s
principle, effectively increasing free-carrier density. Furthermore, the
comproportionation equilibrium may be the source of the transient
and stable free radicals in melanin—the semiquinone (SQ) moiety is
spin half, and its population should, in principle, also be hydration-
modulated because the radical anion is protonated and deprotonated.
Figure 1 also summarizes what may be termed the “light”-driven path-
ways. These pathways are somewhat speculative, particularly so
the visible light-activated channel and its potential link to photo-
conductivity and biologically harmful photoreactivity. Figure 1 is fur-
ther exemplified in the Supplementary Materials (see fig. S1 and
Supplementary Text). Motivated by these basic questions regarding
melanin structure-property relationships, we sought to link micro-
scopic spin behavior (via EPR) with the macroscopic observable of
electrical conductivity in a standard melanin synthetic model. We
choose hydration and light irradiation as variable parameters to both
validate the predictions of Fig. 1 and provide further insight with regard
to photoreactivity.

RESULTS AND DISCUSSION

In the following discussion, it should be kept in mind that EPR spectra
are conventionally presented as the first derivative of the absorption
spectrum. Hence, analyses tend to focus on spectral features as proxies
for radical behavior. Consequently, a distinction is made between the
assigned g value (the value reflecting a radical’s chemical nature) and
g values of spectral features, which we will distinguish below.

The heterogeneity of melanin makes precise EPR signal assignment
challenging (12, 14, 24, 25). Several decades of EPR-melanin studies
have delivered the following understanding regarding its EPR signal
and relationship to radical species:

(i) In solution, the SQ radical (SQR) signal dominates the spec-
trum (assigned g = 2.004). This EPR signal is photoactive (26) and
shows dependence on three factors—pH (27), metal ion chelation (28),
and Arrhenius temperature dependence (29), all of which are re-
versible. Under high pH conditions in the solid state, the SQR is min-
imally observed as a distinct shoulder feature (24);
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Fig. 1. Comproportionation equilibrium. Indolequinone moieties of different oxidative states react with water to form hydronium and an intermediate state, the
SQR. The light-activated and dark mechanisms are summarized in the brackets. With light-activated reactions, light induces a redox reaction, followed by dissociation.
For dark reactions, dissociation occurs first, followed by a redox reaction. For more details, see fig. S1 and Supplementary Text.

(ii) A carbon-centered radical (CCR) dominates the solid-state EPR
signal (peak feature at g = 2.0049) (14, 24) with no reported light
dependence and an irreversible Curie-Weiss temperature dependence
(30, 31).

Hence, the challenge in using EPR as a probe for both radicals and
particularly the SQR in the solid state is achieving spectral resolution of
the SQR and CCR signals in the same sample while modulating their
relative populations. To achieve sufficient spectral resolution of the EPR
signal and overcome the CCR dominance in the solid state, we initially
performed CW EPR experiments on melanin pressed powder pellets by
varying the microwave power at X-band frequencies. This EPR tech-
nique is referred to as progressive power saturation and is often used
to distinguish between two radical species with close g values. Distinct
power saturation behaviors occur for the radicals because of their dif-
ferent responses to the microwave power, which are based on their
characteristic spin-lattice relaxation times. This is exactly what we ob-
serve in the melanin power saturation experiment measured under neu-
tral pH conditions, and the resultant spectra in Fig. 2 show that, at high
microwave power (585 mW, orange spectrum), a second feature is ob-
servable at g = 2.0075. This additional feature is not present at low power
(2 mW, black spectrum), which is characteristically the CCR (feature at
g = 2.0049). We interpret the g = 2.0075 component as the SQR. We
note that when measured with progressively higher microwave powers,
it emerges, whereas the CCR saturates. The SQR signal can be further
enhanced by exposing the sample to ammonia vapor (basic pH above
the hydroquinone pK,), which leads to the shoulder feature becoming
the dominant peak because more SQR moieties are formed according
to Fig. 1. Similar power saturation effects have been observed in poly-
dopamine systems at moderate microwave powers (approximately
160 mW) (32). This power saturation/pH result establishes a basis
by which we can observe the relative concentrations of the two mela-
nin free radicals.

Turning now to controlled hydration and irradiation, it is well
established that both the dark and photoconductivity of melanin and
the shape of the EPR spectrum are heavily influenced by the degree of
hydration particularly above ~10% by weight (12-14, 24). We have
previously reported a custom-built vapor delivery system, which allows
in situ EPR measurements to be performed (14, 24). We coupled this
system to an adapted EPR resonance cavity by mounting a white light-
emitting diode (LED) source to allow coupling of visible radiation,
yielding a system that can simultaneously control light, microwave
power, and hydration. This cavity yielded optimal microwave powers
0f 199.2 and 0.063 mW to probe the SQR and CCR species, respectively.
More information on these optimizations is provided in the Supple-
mentary Materials. The dark spectra of neutral pH samples (fig. S2)
show the same qualitative behavior as Fig. 2—the emergence of the
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Fig. 2. Melanin X-band EPR spectrum obtained under vacuum (that is, dry).
The black and orange curves are at microwave powers of 2 and 585 mW, respec-
tively. The purple curve (585 mW) was obtained after exposure to ammonia vapor
and dried under vacuum. It can be seen that the peak at g = 2.0049 is reduced with
increasing microwave power, whereas a peak at g = 2.0075 emerges. The addition
of base increases the relative strength of the g = 2.0075 peak, thus showing that
the strength of the SQ free radical signal (g = 2.0075) can be enhanced vis-a-vis the
carbon-centered free radical signal (g = 2.0049). Uncertainties shown indicate the
noise in the baseline. a.u., arbitrary units.

SQR at higher microwave powers and the dominant CCR at low power.
In addition, we observe that the CCR signal intensity shows a relatively
uniform decrease from dry (0% weight gain) to hydrated (17.2% weight
gain). In contrast, and consistent with previous observations (24), the
SQR signal intensity is relatively unaffected—a consequence of the
compensatory combination of the CCR decreasing and SQR increasing
(12). By focusing on the spectral features of the CCR and SQR (g values
assigned from fig. S2), we obtained time traces at different hydra-
tions with the light source (LED spectrum; fig. S3) switched on at de-
fined times.

Photo-EPR time traces optimized for the CCR are shown in Fig. 3A,
and we note an intriguing negative photosignal for the dry case (black
curve)—this is associated with the creation of SQR induced by the illu-
mination and hence a reduction in the CCR intensity. This occurs even
“dry,” although we note that solid-state melanin always contains a frac-
tion of strongly bound water even when pumped to vacuum (33). The
light-on and light-off points are marked on the traces. Because the mel-
anin sample was exposed to water, the CCR photosignal flattened (blue)
and then changed to a positive at high water contents (red). In contrast,
the SQR time traces (Fig. 3B) were qualitatively different. At all hydra-
tions, a positive photo-EPR signal was observed, consistent with an
overall increase in the SQR concentration. Thus, Fig. 3 constitutes ad-
ditional and explicit proof of two different free radical populations in
melanin—we believe the first such observation seen in the same sample
and experiment.
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Fig. 3. Photo-EPR time traces for neutral melanin. (A) Photo-EPR time traces at
0.063-mW microwave power and monitored at g = 2.0049, the CCR feature. The
colors indicate hydration state, which was obtained by normalizing the vapor
pressure to a previously published adsorption isotherm (33): 0% (black), 11.6%
(blue), and 17.2% (red) weight gain in water relative to melanin dry mass. Traces have
been offset from one another for clarity. Dashed lines indicate baseline before the
light is switched on. (B) Photo-EPR time trace at 199.2 mW and positioned at g =
2.0075, the SQR feature. Data point markers indicate the mean and uncertainties
in the baseline (squares) and the signal (circles).

The similar photo-EPR signals of the SQR at different hydrations
(Fig. 3B) are likely due to a saturation effect where the maximum
amount of photoinduced SQRs was already generated at the lowest hy-
dration level. As for the data obtained under optimal EPR measurement
parameters for the CCR (Fig. 3A), the increasingly positive photo-EPR
signals at the CCR peak appear to be from the influence of the super-
imposed SQR signal that becomes more prominent at higher hydration
levels (according to Fig. 1).

Finally, we performed a simultaneous hydration-dependent photo-
EPR/photoconductivity measurement. This requires electrical contact-
ing in a geometry that does not alter the quality factor of the EPR
cavity and allows for hydration of the melanin sample and sufficient
signal to noise. Details of this procedure are provided in Materials and
Methods. We also replicated the CW EPR measurements above for the
contacted samples (see the Supplementary Materials and fig. S4) to check
the possible impact of the contacts on the cavity and the consistency
between the two data sets.

Thus, we show in Fig. 4 a representative photoconductivity and
photo-EPR data set optimized for the SQR signal and obtained in situ
simultaneously. Critically, the SQR photo-EPR time trace coincides
with the photocurrent time trace. Other examples (at different hydra-
tions) are provided in the Supplementary Materials for completeness
(figs. S5 to S8). Recalling that the current in melanin is predominantly
protonic, Figs. 3 and 4 thus constitute explicit proof of the link between
proton transport and the SQ free radical produced via hydration and
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Fig. 4. Representative photo-EPR time trace (optimized for the SQR, 11.6%
weight gain in water content) overlaid on a photocurrent time trace ob-
tained for a contacted melanin sample and obtained simultaneously in situ.
The data confirm that the SQ free radical is explicitly linked to the conductivity
and hence the protonic conducting behavior of solid-state melanin. Data point
markers indicate the mean and uncertainties in the initial baseline (square), the
signal (circle), and the final baseline (triangle).

visible light irradiation. The CCR does not appear to contribute in
any way to the photocurrent due to its anticorrelative behavior, seen
for example in fig. S8. The data presented here do not rule out the
existence of additional free radical species in melanin, but it does, for
the first time, demonstrate explicitly the presence of at least two dif-
ferent radical species.

One variable that can influence the light-induced free radical prop-
erties is the aggregation properties of the melanin polymer. It is cur-
rently an open question as to how aggregation proceeds during
synthesis (34) and how exactly aggregation is involved in photoprotec-
tion (35), although there is no doubt that it could play a role. It is also
known that the state of aggregation and the structures formed during
synthesis are dependent on the ratio of monomer units (dihydroxy-
indole and dihydroxyindole carboxylic acid) in the reactant mix, which,
in turn, also affects the EPR spectra (36). Our clear intent in using a
standard synthetic model, which broadly represents the family that is
melanin, is to establish a baseline radical population analysis from
which many more variables can be probed—aggregation being one.

Finally, we note that the behavior of the baseline current and EPR
signals before, during, and after light irradiation are different. These
effects and their differences are subtly related to phenomena, such as
the contact nature of the macroscopic conductivity measurements (and
the noncontact nature of EPR), plus the relative sensitivities to hydra-
tion and sample temperature, which deliver baseline drift and differ-
ences in response times. We expand upon these subtleties in the
Supplementary Materials for completeness and as guidelines for how to
interpret baseline versus significant induced effects in melanin solid-
state electrical spectroscopy.

CONCLUSION

In conclusion, using novel in situ hydration and photo-EPR in X-band
power saturation mode, we have provided compelling evidence for the
existence of two free radical populations in a standard synthetic model
of the important functional biomacromolecule melanin. The transient
SQR species produced by the coupled reactions of the comproportiona-
tion equilibrium is directly involved in protonic electrical conductivity.
It is interesting to speculate as to whether this mechanism is generic in
the solid state for all suitably “proton-active” conducting biomaterials
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containing groups such as hydroquinones with pK,s around neutral.
Furthermore, our photo-EPR data reveal pronounced photoreactivity
under visible light irradiation of moderate intensities. Given melanin’s
role in photo-driven processes in nature, this is both potentially con-
cerning and also offers a new perspective on its various functions in,
for example, vision as a photoreceptor, and other neural signaling
pathways. More generically, protonated SQs are also known to be in-
volved in photosynthetic reaction centers, such as bacterial reaction
centers, which involves protonating/deprotonating the SQR. The
methodologies we describe here have wide application to biological
photoactivity studies.

MATERIALS AND METHODS

Synthesis of melanin

Melanin synthesis was performed according to the standard procedures
(28, 33). Five grams of pL-dopa purchased from Sigma-Aldrich was dis-
solved in 2 liters of Millipore water. Ammonia solution (28%) was
added to adjust the solution to pH 8. The solution was then bubbled
with compressed air for 3 days, after which the color changed from clear
to brown-black. The melanin was precipitated out of solution by adjust-
ing to pH 2 with the addition of hydrochloric acid (32%). The precip-
itate was filtered and washed three times with Millipore water before
drying in an oven at 80°C overnight.

Sample preparation

The samples were prepared using a method previously published (33).
In summary, 200 mg of dry melanin was crushed to a fine powder and
pressed into a pellet using a manual hydraulic press under 80 tons of
pressure for 5 min. The resulting pellet had a diameter of 13 mm and a
thickness of approximately 1 mm. It was then cut into pieces suitable for
fitting standard X-band CW EPR quartz tubes. For the simultaneous
conductivity and EPR measurements, the two largest faces of the pellet
were first evaporated with gold (100 nm) and then connected to copper
wires using silver epoxy.

High-power EPR

The initial high-power controlled experiment (Fig. 2) was performed
using a vacuum line setup previously reported (12, 24). X-band EPR
measurements were performed on a Bruker ELEXSYS E500 CW EPR
spectrometer using a Bruker ER4122 super-high-Q cavity with a liquid
nitrogen flow insert (controlled by a Eurotherm 4131VT variable tem-
perature controller, which maintained the sample at 296 K). A Bruker
Teslameter (ER036M) and an EIP 548B frequency counter were used to
provide calibration of the magnetic field and microwave frequencies,
respectively. A spectrum was then taken at 2 mW (the optimal signal
to noise for the CCR component) and 585 mW (the highest power
output achievable with the power leveler off to saturate the CCR as
much as possible). To obtain the high-pH spectrum, we initially ex-
posed the sample under vacuum to an ammonia atmosphere via an
attached vial of ammonia (28% concentration), leaving the system to
come to equilibrium overnight. Afterward, the sample was evacuated
for about 10 min to recreate a vacuum, and the spectrum was taken
again at 585 mW.

Hydration-dependent CW and photo-EPR

We used a Bruker 4119HS-W1 optical resonator with an optical win-
dow to expose the sample in the cavity to a white LED light source. The
white LED source was mounted on a passive cooling radiator to en-
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sure consistency of performance over time and was run at approxi-
mately 3.5 W of input power using a Keithley 2400 source meter unit
(sourcing 1 A). The LED emission spectrum is shown in fig. 3. X-band
CW EPR spectra (dark signals) were obtained at 0.063 mW of micro-
wave power (to achieve optimal signal to noise for the CCR without
saturating the signal). The highest microwave power achievable
(199.2 mW) was used to measure the SQR while suppressing the
CCR signal as much as possible (figs. S2 and S4). Hydration control
was achieved by attaching a water vial (Millipore; freeze-thaw-pumped
three times) to the vacuum line with a suitable valve to achieve the
desired water vapor pressure as measured by a BOC-Edwards GK series
(0-50 mbar gauge). Using a previously published adsorption isotherm
(33), the pressures measured were converted to weight percent gained of
water in terms of melanin mass. For the photo-EPR experiments, the
CW EPR spectrum signal intensity was initially optimized for the CCR
or SQR component (at a given hydration and selecting either 0.063-
or 199.2-mW microwave power) and measured with 0.25-G mod-
ulation amplitude. Once obtained, the g value was set to the peak
position of either the CCR (g = 2.0049) or the SQR (g = 2.0075). A
time-based signal was then acquired for approximately 165 s. To com-
pensate for any EPR signal intensity drift as a function of time, we used
a field-frequency lock method in conjunction with the Teslameter to
ensure that the same field position was maintained over the course of
the experiment. During the time scan, the first 50 s was obtained under
dark conditions with the following 50 s of the sample being exposed to
the white LED. The rest of the scan was then acquired in the dark.

Hydration-dependent photo-EPR/photoconductivity

Melanin samples were prepared by contacting two opposing sides with
thermally evaporated gold (100 nm) and copper wiring attached with
silver epoxy. The wiring was connected to a custom-made vacuum elec-
trical plug (12) to enable outside connection. Otherwise, the vacuum
system used was the same as for all other experiments. The basic pro-
cedures for obtaining the photo-EPR measurements were also the same
as stated above. However, because of the electrical contacts reducing the
available photoactive surface area of the sample, the signal-to-noise ratio
(SNR) was significantly lower. Thus, we improved the SNR by in-
creasing the modulation amplitude to 9.8 G, which produced the same
qualitative behavior observed (compare Fig. 3 and fig. S5) with an
acceptable level of line broadening. Note that the CW EPR data shown
in fig. S4 are dark spectra of the electrically contacted samples measured
using the above 0.25-G modulation amplitude for comparison to the
uncontacted samples (fig. S2). In short, the electrical contacted samples
showed the same qualitative features as presented here and are in ac-
cordance with previously published results.

Photoconductivity data were obtained simultaneously with the
photo-EPR signal by observing the current as measured by a Keithley
2450 source meter unit applying 15 V. We note that, at low micro-
wave power (0.063 mW), obtaining a photoconductivity signal was
not an issue and with no observable signal at vacuum (due to lack of
charge carriers) and clear signals observed at wetter atmospheres. Be-
haviors were in line with previously reported studies (13), including
observed negative conductivities due to dehydration effects. However,
we discovered that, at high microwave power (199.2 mW) and high
hydration, the electrical noise made the photoconductivity signal un-
observable. Only at the medium hydration level (11.6% weight gain)
was a signal observed, but with ringing behavior. Consequently, the
data were filtered using a low-pass third-order Butterworth filter using
MATLAB.
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Uncertainty/noise analysis of EPR time traces and CW

EPR spectra

The uncertainties in the initial baselines were determined by calculating
the root mean square/uncertainty value of the traces/baseline by

6 = v/ Pnoise

where P, is the power of the noise of the baseline and is determined
by the basic power equation

where s(t) is the signal and T is the time period of observation. In
determining the uncertainty in the EPR time-trace signal, the definition
of the SNR was used

P signal

SNR

noise

Once determined, the uncertainty was given by the mean of the
signal multiplied by 1/SNR.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/3/eaaq1293/DC1

Supplementary Text

fig. S1. Proposed comproportionation reaction pathways.

fig. S2. CW EPR spectra for neutral melanin.

fig. S3. Emission spectrum of the white LED light source.

fig. S4. CW EPR spectra for electrically contacted melanin samples.

fig. S5. Photo-EPR time traces of electrically contacted melanin samples.

fig. S6. Photoconductivity measurements taken at the same time as the EPR time traces in
fig. S5A.

fig. S7. In situ simultaneous photo-EPR/photoconductivity data observed on neutral samples,
but under ambient conditions.

fig. S8. In situ simultaneous photo-EPR/photoconductivity data observed on neutral samples,
as a function of hydration.
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