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Figure 1. Left panel: (a) X-band (v = 9.871 GHz) room-temperature power saturation curves of dopa melanin and (b) cysteinyldopa melanin
samples. Right panel: EDFS spectra recorded at Q-band (v = 33.843 GHz) for (c) dopa melanin and (d) cysteinyldopa melanin samples. The red
and blue curves in (c) and (d) represent the spectral line shape of the rectangular /2 and 7 pulses, respectively, used to generate the electron spin
echo for the EDFS spectra acquisition.

exponential model, y = A exp-(—t/Ty) + ¢, yielding Ty, & 262
ns for the dopa melanin and Ty & 228 ns for cysteinyldopa
melanin samples.

Differences in relaxation times were emphasized when the
longitudinal relaxation time (T,) was measured. T, measure-
ments were performed with PESR experiments to minimize the
effect of spectral diffusion.”* The saturation recovery measure-

Saturation, log, (©)

ments were performed in the temperature range of 20—110 K
(Figure 2). The longitudinal relaxation times were extracted
from the saturation curves using the biexponential model y =
Apexp(—t/Ty) + Acexp(—t/Ty) + ¢, which considers the
presence of two concurring mechanisms contributing to the
longitudinal relaxation process, described by different T 0
values, namely, T and T, The T component is
representative of the spectral diffusion effects, and the T
component is representative of the actual longitudinal
relaxation process.

The saturation curves reported in Figure 2a,b show how the
saturated magnetization of the melanin pigments is recovered
with time from the starting point of the total saturation

Time (ns) x107

Saturation, log, (©)

condition, that is, ® = 1, to the point of saturation recovery,

TS0k 40K
that is, ® — 0.
Together with the data reported in Table 1, Figure 2 depicts 15 2 25 3
. . . . . Time (ns) x107
the longitudinal relaxation process for the two biomaterials
investigated. Faster spin—lattice relaxations were measured for Figure 2. Q-band PFSR curves acquired at variable temperatures for
the cysteinyldopa melanin over the entire temperature range. the (a) dopa melanin and (b) cysteinyldopa melanin samples. The

log,o(®) represents the saturation recovery process of the macro-
scopic magnetization in the two samples. The level of saturation
percentage is indicated as ©. The arrow indicates the increasing

The smaller cysteinyldopa T'¢ and T values can be attributed
to the different nature of its radical species. At 40 K (the lowest
common temperature investigated for the two pigments), the

temperature.
composed semiquinonimine radical signal of the cysteinyldopa
melanin recovered 99% of the equilibrium magnetization level The presence of cysteinyldopa melanin is commonly
in approximately 2.5 X 107 s. The same recovery of the detected by higher values of the electronic g-factor and by
equilibrium magnetization level was reached after approx- the more complex line shape resolved by CW EPR. Because of
imately 4.5 X 1072 s in the case of dopa melanin. the relatively high difference in terms of spin—lattice relaxation
2112 https://dx.doi.org/10.1021/acs jpch.9b11785
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Table 1. Longitudinal Relaxation Times”

dopa melanin cysteinyldopa melanin

T(K) Ty (us)” Ty, (us)" Tye (us)” Ty, (us)”
20 1.15 x 10* 6.79 x 10*

30 1.06 x 10* 4.90 x 10*

40 542 % 10° 2,60 X 10* 6.07 X 10° 2,09 x 10*
50 3.93 x 10° 1.69 x 10* 491 x 10° 1.69 x 10*
60 295 X 10° 112 x 10* 2.74 X 10° 831 x 10°
70 2.09 x 10° 6.73 x 10° 1.94 x 10° 5.68 x 10°
100 1.53 x 10° 4.79 x 10° 7.16 X 10 1.90 x 10°
110 9.70 x 10* 2.66 x 10° 4.14 X 10 1.09 x 10°

“The columns report the T and T, values evaluated for the dopa
melanin and cysteinyldopa melanin samples. “The error on the
reported T)¢ and T, values obtained with the biexponential decay
model was estimated to be +3 ys.

times for the two compounds at higher temperature
(approaching 60% at 100 K), Q-band PFSR measurements
can be proposed as a complementary tool to classic
multifrequency CW EPR for the assessment of the nature of
new melanin pigments of unknown composition and as an
insightful instrument in melanin radical characterization.

Room-temperature PFSR experiments were also performed
to assess the measurements of relaxation times as a
discriminant feature under common melanin functional
conditions (T = 298 K) (Figure 3).
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Figure 3. Q-band room temperature (298 K) PFSR curves recorded
for dopa melanin (black) and cysteinyldopa melanin (orange). Dopa
melanin v = 33.843 GHz; cysteinyldopa melanin v = 33.733 GHz.

Figure 3 and Table 2 show that cysteinyldopa faster
longitudinal relaxation dynamics point out the feasibility of

Table 2. Room-Temperature T,; and T, Values for the
Dopa and Cysteinyldopa Melanins

sample Te (us)” Ty (s)”
dopa melanin 61 216
cysteinyldopa melanin 23 58

“The error on the reported T); and Ty, values obtained with the
biexponential decay model was estimated to be +3 us.

running T) measurement as a discriminant feature for melanin
characterization even when EPR room-temperature experi-
ments are considered.

Moreover, the T, values measured for the dopa melanin
produced by laccase (melanin pigments are commonly
produced either using tyrosinase or by chemical oxidation of

2113

the substrate—tyrosine or dopa) could be compared with
those obtained by Okazaki et al., where values of T) ~ 4 ms
were recorded for dopa melanins (77 K), indicating
consistency in T values for dopa melanin pigments of different
origin.

B CONCLUSIONS

This preliminary combined pulse and multifrequency EPR
investigation on representative melanins contributes to fill a
gap in the rich literature of EPR characterization of melanin
pigments.*® The characterization of the relaxation properties
will certainly introduce a new tool to identify and gain
information on the pigments, whose structure heterogeneity in
the solid state are still the object of intensive research and
whose understanding would open up new doors in the
biopigment material design.'”

The same pulse EPR experiments could be extended to
other conductive polymers such as polyanilines, where the
distribution of relaxation times values could be linked not only
to the different polymer chain size but also to a more complex
system such as the melanin—polyaniline conductive biopol-
ymers of technological interest.” >
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Figure S1 X-band CW saturation curves for the dopa melanin (v=9.871 GHz) and cysteinyldopa
melanin (v=9.877 GHz). Maximum reference microwave power My=144.5 mW
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Figure S2 Q-band CW saturation curves for the dopa melanin (v=33.843 GHz) and cysteinyldopa
melanin (v=33.733 GHz). Maximum reference microwave power My=6.3 mW.
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Figure S3 Phase memory time (Ty) measurements for the dopa melanin and cysteinyldopa melanin

samples were performed with n/2-t-m echo detection sequence with increasing t values (1/2=42ns
and ©=84 ns)
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