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ABSTRACT: We present a thoroughgoing electron paramagnetic
resonance investigation of polydopamine (PDA) radicals using
multiple electron paramagnetic resonance techniques at the W-
band (94 GHz), electron nuclear double resonance at the Q-band
(34 GHz), spin relaxation, and continuous wave measurements at
the X-band (9 GHz). The analysis proves the existence of two
distinct paramagnetic species in the PDA structure. One of the two
radical species is characterized by a long spin—Ilattice T relaxation
time equal to 46.9 ms at 5 K and is assigned to the radical center
on oxygen. The obtained data revealed that the paramagnetic
species exhibit different electron spin relaxation behaviors due to
different couplings to local phonons, which confirm spatial distancing between two radical types. Our results shed new light on the
radical structure of PDA, which is of great importance in the application of PDA in materials science and biomedicine and allows us
to better understand the properties of these materials and predict their future applications.

B INTRODUCTION many years, the structure of melanin and PDA is still
elusive.” ™" One of the recently proposed models assumed
that PDA is not a covalent polymer but instead a supra-
molecular aggregate of monomers, which are noncovalently
bonded, held together by strong, noncovalent forces, including
charge transfer, n-stacking, and hydrogen bonding.27 The
results obtained from UV—visible (UV—vis), crystallographic
studies and DFT calculation suggest a chemically disordered
structure of melanin.”® The electronic structure of PDA
resembles a semiconductor due to electron and hole-type
conductivity possible after the attaching/detaching of protons.

In this article, we will shed light on the radical structure of
PDA using continuous wave (CW-EPR) and pulse electron
paramagnetic resonance (pulse-EPR) techniques at different
frequencies. We demonstrate that at least two radical species

Melanins are naturally occurring compounds, usually identified
as responsible for pigmentation in living organisms, and can be
tound in Calliphora puparia, sepia inks, and human hairs as a
product of L-dopa oxidation. Because of the large similarity of
structural and electronic features between melanins and
polydopamine (PDA), the latter is often called artificial
melanin. This new material shows a variety of desired
attributes, that is, it is nontoxic and biocompatible, can bind
metal ions, and possesses strong photothermal properties.
Moreover, PDA is obtained via simple and cheap oxidative
polymerization of dopamine under basic conditions; thus, PDA
has drawn scientific attention for multiple applications. So far,
it has been applied in the preparation of antibacterial materials'

. . . 2 .
as a platform for tissue gngineering for the preparation of exist in PDA. One is carbon, and the second is the oxygen-
artificial photosynthesis.” It was also used in tailoring centered semiquinone radical””~** Both of them can be
. 4 . . 5,6
organocatalytic’ and photocatalytic properties™ of coated distinguished using pulse EPR methods, especially by an
materials and the synthesis of multifunctional drug delivery electron spin relaxation study.

systems.” " Furthermore, the reactivity toward molecules

bearing amino moieties made PDA-coated supports suitable B EXPERIMENTAL SECTION
for the immobilization of enzymes'"'? and a variety of
biomolecules.”> PDA exhibits strong adhesive properties
toward myriad materials, that is, Teflon, wood, stainless steel,
polylactic acid, silica, iron oxides, aluminum oxide, noble
metals (Au, Ag, Pt, and Pd),"*""” and iron oxides. 87 1t is Received: November 21, 2020 ey
also a chelating agent capable of the reversible complexation of Revised: ~ January 6, 2021
a majority of transition metals. Published: January 20, 2021
In 1960, it was stated by Longuet-Higgins** that melanin is a
conjugated chain of quinonoid units, which could be called a
quinone-semiquinone copolymer. Nevertheless, even after

Chemicals. Dopamine hydrochloride and tris-
(hydroxymethyl)aminomethane (Tris) were purchased from
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Figure 1. (a) PDA micrograph, with a scale of 10 ym; (b) PDA micrograph, with a scale of 1 ym; (inset) nanoparticle size distribution; (c) FTIR

spectrum of PDA from Tris; (d) zeta potential of PDA in water.

Alfa Aesar and used without any purification. In all steps, Milli-
Q deionized water (resistivity 18 MQ-cm) was used.

Polydopamine Preparation. Dopamine hydrochloride (1
g, 5.3 mM) was dissolved in S00 mL of 10 mM buffer (Tris pH
= 8.5 and phosphate pH = 8.5) and stirred under air for 24 h.
The resulting black precipitate was separated by centrifugation
(400 rpm, 15 min), washed with water (100 mL), and
centrifuged again. This washing step was repeated three times,
and the solid was dried at 50 °C overnight. The sample was
measured in an ambient atmosphere after 2 months after
preparing. The number of spins was obtained at the X-band
using the experimental, simultaneous comparative method. As
a standard, monocrystals of copper sulphate pentahydrate were
used. The amount of moisture was deduced by the change of
weight before and after drying for 48 h at 70 °C.

Fourier Transform Infrared Spectroscopy. The Fourier
transform infrared (FTIR) spectrum was recorded with a
Bruker TENSOR 27 spectrometer. PDA was mixed with KBr
and used as pallets.

Zeta Potential. The zeta potential was measured with a
Malver Zetasizer Nano ZS after preparing the PDA suspension
in water.

Scanning Electron Microscopy. Scanning electron
microscopy (SEM) studies were performed with a
7001TTLS microscope JEOL with a 10 kV accelerating
voltage without any metal coating. Particle size statistics was
done with ImageJ software manually.

Electron Paramagnetic Resonance Spectroscopy. The
spectroscopic CW-EPR measurements were performed with a
RADIOPAN SX spectrometer equipped with an Oxford
CF93S cryostat, which allowed measurements in the temper-

ature range of 4.2—300 K. The modulation amplitude was 0.05
mT, the microwave power was 11.38 mW (line without
saturation effects), and the microwave frequency was
recalculated for each measured point to exactly 9 GHz. The
number of points per spectra was 1024, the accumulation was
2, and the time per one point was 120 ms (4.2 K) to 520 ms
(300 K).

The EPR relaxation measurements were conducted with an
ELEXSYS ES580 EPR Spectrometer equipped with an
EN4118X-MD4 resonator in the temperature range of S—
200 K. The temperature was controlled using an Oxford
Instruments CF935 continuous flow cryostat using liquid He.
X-band pulse experiments were obtained from echo, the shot
repetition time was set at 409.6 ms, and the 7/2 pulse was set
to 16 ns for T, measurements and 24 ns for inversion
magnetization experiments. All EPR measurements were
carried out under dark conditions.

Q-band pulsed EPR measurements were carried out at 100
K on a Bruker Elexsys ES80 spectrometer operating at 35 GHz
and outfitted with a Q-band resonator (EN-5107-D2). The
temperature was controlled using an Oxford Instruments
CF935 continuous flow cryostat using liquid He. Field-sweep
echo-detected (FSED) EPR spectra were recorded using the
two-pulse echo sequence (7/2—7—n—7—echo) where the echo
intensity is measured as a function of the magnetic field. The
microwave pulse lengths, 7/2 and 7, were 14 and 28 ns,
respectively, and the time interval between the pulses, 7, was
200 ns. '"H ENDOR spectra were recorded using the Davies
ENDOR pulse sequence, 7—T—n/2—t—n—7—echo, with the
radiofrequency (RF) pulse, applied during the time interval T.
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The experimental conditions were + MW 200, 100, 200 ns, 7 a) e)
400 ns, and the RF pulse length was 18 us. oo T2 Ho  onbio o 078 OHO OHHO OH

The W-band (94 GHz) EPR measurements were conducted
on a homebuilt spectrometer described here.”

B RESULTS AND DISCUSSION

PDA is formed by radical polymerization, forming stable
radicals in this process. Beyond this, it also has radical
scavenglng roperties—it is a scavenger of carbon-centered
radicals,>**™ and under ultraviolet light, it can generate
hydroxyl free radicals.** The mass of PDA, which quenches
50% of 2,2-diphenyl-1-picrylhydrazyl's (DPPH’s) EPR signal
(EDg), is equal to ~150 ug/3 mL DPPH (100 uM,
corresponds to 118.3 g of DPPH) as previously reported.’
It was shown that radical scavenging activity increases with the
decrease of the nanoparticle’s size reaching 68 nm, the values
of which are similar to those of ascorbic acid.””

From the literature, it is known that at the X-band, single
natural melanin exhibits a slightly asymmetrical line*"** (line
width 4—8 G) sensitive to various conditions such as moisture
and oxygenation,“_44 with the g-factor of the order of ~2.003,
and the number of spins is usually in the range of 10"* to 107
spins/g."> Due to the relatively narrow line, it is pos51b1e to
apply this radical as an imaging marker in EPR imaging.***’
The integral intensity of melanm follows the Curie—Weiss law
in a broad temperature range."' In all the above-mentioned
articles, g-factors are in the range of 2.003—2.0060. The spin—
lattice relaxation time T is in the range of 6—100 s in the
temperature range of 4—500 K (20 ys at room temperature).
These data were obtained using the CW saturation
technique,""**** which is less accurate than pulse measure-
ments, which will be presented here. Pulse-EPR measurements
performed by Ozanaki et al. at a single temperature of 77 K on
synthetic melanin showed two spin—lattice relaxation times of
0.1 and 4.3 ms and a spin memory time T, of 1 s.”’ Recently
appeared pulsed EPR studies of dopa melanin report two
spin—lattice relaxation times T for two radical species of 11.5
and 67.9 ms (20 K), which decrease to 0.97 us and 2.66 ms
(110 K), respectively.”'

Our PDA sample was prepared according to the standard
protocol using the oxidative polymerization of dopamine under
basic conditions (details in the Experimental Section). The
process was not controlled and resulted in a high order of
randomness. This led to particle formation in different sizes
and ill-defined polymer formation. The morphology of the
obtained materials was visualized by SEM (Figure la,b). The
micrograph in Figure lab shows partially spherical nano-
particles having on average 320 + 89 nm of PDA agglomerated
into larger >100 pm pieces (chunks).

The FTIR spectrum of PDA obtained in the Tris buffer
(Figure 1c) shows signals in the range of 1500—1600 cm ™" that
were assigned to the N—H vibrations. The broad peak
spanning 3200—3500 cm™ visible in the spectrum is due to
the presence of hydroxyl groups as well as water.
Unfortunately, the clear structure of PDA remains unknown,
so we could not solve all peaks and identify them
unambiguously. Nevertheless, the obtamed spectrum is in
agreement with previously reported data.”® The zeta potential
of PDA obtained in water was in agreement with the previous
report and was close to —30 mV (Figure 1d).

Since the PDA structure is still elusive, it is impossible to
predict its real electronic structure (Figure 2). However, there
is a consensus in the literature that PDA and related melanin
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Figure 2. Theoretically predicted resonance structures of PDA
radicals.

consist of two distinguished radicals. One of them is a
semiquinone type where the radical is localized on the oxygen
atom. The second radical is located in the benzene ring of S,6-
dihydroxyindole building PDA and melanins.”’~** Further-
more, it can be specified that the spin density of this radical has
a low density over the nitrogen atom because of the lack of
hyperfine splitting from this nucleus in the EPR spectrum
(Figure 2). Radicals only show one signal, which is a
superposition of two lines with g-factors equal to ~2.003 at
the X-band, which makes them indistinguishable without
saturating one of these lines with large microwave power while
sweeping the magnetic field. The line belonging to the slower
relaxing entity with means characterized by a larger T,
relaxation time will broaden and vanish in the background,
while the fast relaxing component will remain almost
unchanged if onlgf the difference between their relaxation
times is large.”” >

Initially, we started with CW-EPR (X-band) measurements
on the PDA sample having 15 % wt of moisture. It is worth
highlighting that all presented EPR results were obtained
under dark conditions since different results for EPR* and
conduct1v1t27 were reported depending on dark or light
conditions.

The CW-EPR experiment held at the X-band shows a
slightly asymmetrical EPR line, which can be simulated by a
single Lorentz line with small g-tensor anisotropy, as is shown
in Figure 3a. The CW-EPR spectrum recorded at 9 GHz can
be simulated well with only one Lorentz line instead of two to
obtain a fine fitting fidelity. This shows a strong overlapping of
two contributions at this frequency. The following fitting
parameters were used: g, = g, = 2.0038 and g, = 2.0012$ with
peak-to-peak line widths AB, , = 0.4 mT and AB, = 0.485 mT
(EasySpin®®~>). The normahzed integral intensity increases
with a decrease of temperature but less than expected for

https://dx.doi.org/10.1021/acs.jpcb.0c10485
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Figure 3. (a) EPR signal recorded at 300 K fitted with the Lorentz line (EasySpin); (b) line width peak-to-peak AB,,, with a spin—spin relaxation
rate estimated with the Bloch relation for homogeneously broadened lines;*" (c) temperature dependence of the integral intensity with fits Curie

and Curie—Weiss functions; (d) temperature dependence of g-factor.

noninteracting localized paramagnetic centers described by the
Curie function with the relation ~ T~' (1 at 300 K and 60 at 5
K), which suggests that the delocalization over aromatic ring 7-
electrons and localized radicals coexist in this system (Figure
3c). Magnetic susceptibility can be described by the Curie—

Weiss function y = %, where C = 41.6 + 2.8 and T, =

—4.63 + 0.63 (R* = 0.9868, Figure 3c), and is similar to the
results reported by Skrzypek,”® which was explained by
semiconductor properties and trapping of charge carriers.
Gongalves et al. showed that heating above 60 °C (48 h)
decreases the conductivity by 3 orders of magnitude and
increases the spin density by a factor of 3, which is a reversible
process.”” Thermal treatments induce the trapping of free
protons in carboxylic groups, leading to an increase of the EPR
signal and a decrease of conductivity.””

The recorded g-factor of PDA (taken in the middle of the
cumulative line) increases with the decrease of temperature
slightly from 2.0037 to 2.0038 (Figure 3d). The results are in
agreement with the results presented in the earlier work."” The
line width increases with a decrease in temperature, which also
implies the increase of T,'* relaxation rate (Figure 3b). If
applying the Bloch equation for the T, time from the EPR line

~7
width recorded by CW-EPR, T,[s] = \E‘:AB _ 1.212}1S ><[1((;)] ’
PP PP

where AB,,, is the peak-to-peak line width and g is the Landée
factor.”® The reversed value T;'* is called the relaxation rate
and is presented in Figure 3b. This value is in fair agreement
with directly measured T5'* with pulse methods (Figure 5d),
although it should be mentioned that the applicability of the

Bloch equation is limited to homogeneously broadened lines,

which is not the case here. The values of relaxation rate
T, "*obtained from CW-EPR are in the range of 112—87 MHz
for 42—300 K (87.8 MHz at 200 K), and exactly the same
values from pulse experiments are in the range of 52—43.6
MHz in the temperature range of 4.2—200 K (Table 2, Figure
5d). The temperature trend of T, "* is qualitatively the same in
both cases, but quantitatively, the correct values measured
directly are ~46% smaller than those obtained from the line
width in CW experiments.

Nevertheless, the analysis performed only with the use of
CW methods at a relatively low frequency was not enough to
distinguish components of the PDA line. An increase of the
spectral resolution in comparison with CW-EPR results
presented before can be obtained using pulse techniques
even at the X-band. We have performed the FSED experiment.
In this experiment, the signal source is the echo intensity
obtained after two pulses, while the magnetic field is swept in a
selected range (Figure 4a). The result of the field-swept echo-
detected experiment gives a single signal, which can be
decomposed into two components (Table 1). The lines were
approximated using two Gaussian line shapes (fidelity R*
0.998). The estimated number of radicals in the PDA sample
was found to be 5.5 X 10'® spins/g (from CW-EPR, X-band),
which is close to previously reported values.’”*" Two
components appear roughly in the ratio of 1:2 for each case.
For results of the same experiment held at the Q-band, it is
10.7/5.3 = 2.0, and at the W-band, it is 1.9, which corresponds
to the spin number ratio of (~3.6/1.9) X 10" spins/g. The
third broad component visible in the W-band with g < 2 is
probably metal contamination coming from the tube (Figure
4b). It is visible only in this setup and does not belong to the

844 https://dx.doi.org/10.1021/acs.jpcb.0c10485
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Table 1. Parameters of Gauss Components of the PDA Line
from the FSED Experiment in Figure 4“

band

frequency X-band 9.8 GHz W-band 94.9 GHz
line Gauss 1 Gauss 2 Gauss 1 Gauss 2 Gauss 3

parameters
g-factor 2.0037 2.0029 2.0052 2.0037 1.9988
line width [G] 6.2 17.0 10.3 3.1 39.0
A [arb. u.] 4.1 8.5 32 229 9.4
intensity [arb. 9.1 4.7 10.1 29.8 159

u]

“The error of g-factors is within +0.0002 and others within +0.1.

PDA system (Table 1). The intensity ratio of all three
components is 3:1.6:1. If the first two are taken under
consideration, the ratio becomes ~1.9:1, which is similar to the
one obtained from X and Q-band measurements. The 'H
Davis electron nuclear double resonance (ENDOR) experi-
ment (Figure 4c, Q-band, 100 K) shows the anisotropic
hydrogen spectrum with its fit (EasySpin “salt”) with hyperfine
anisotropies of Aj = —0.41 MHz and A, = —4.54 MHz (axial
symmetry assumption) and the Voigth profile with Gauss/
Lorentz components of 0.13/0.86 MHz, respectively. Using
the equation A| = A, — T, and A = A;, + 2T, we obtain
Ao = 124 MHz and T, = 1.65 MHz. If the point-dipole
approximation using the equation T, = g.g et/ hr’, where g, ,
are the electron and nuclear Landé factors, ., are the electron
and nuclear magnetons, h is the Planck constant, and r is the

845

distance between the electron radical and hydrogen nucleus in
this case, is applied, the distance between the radical and the
closest hydrogen atom r is 0.37 nm.”'

Electron Spin Relaxation. The data were evaluated as
follows: the spin—lattice relaxation time was obtained with the

following equation: V(t) = M(l — (1 - %) X exp(—%))

(for each component), which takes under consideration partial
inversion of magnetization M;/M (from echo intensity). The
spin—spin relaxation time T35 was obtained with the equation

V() = M x (exp(—

echo. The phase memory time T, was obtained with the

t

T*)), where M is the amplitude of an

equation V(27) = M X exp(—%), where M is the echo

intensity as a function of dwell time 7 between pulses (Figure
S).

Two spin—lattice relaxation times were obtained and
depicted as Ty, and T, (Figure Sb,c). The largest difference
in values is observed at the lowest temperature of 5 K, which is
2.14 ms (T7A = 047 kHz) and 46.9 ms (T3 = 0.021 kHz,
Table 2). This suggests the existence of two different species
where one is strongly coupled to the lattice for which local
phonons efficiently dissipate microwave energy, characterized
by T, and the second is weakly coupled to the lattice,
characterized by a much longer time Tp. If comparing PDA
with previously studied carbon-ring based systems, such as
graphene oxide (rich in oxygen groups) similarly long T; time

https://dx.doi.org/10.1021/acs.jpcb.0c10485
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T,, and the relaxation rates.

Table 2. Electron Spin Relaxation Times and Rates”

T§ [ns]
temperature TIIA [ms] TIIB [ms] T, [ns] (T (57!
(K] (T1a [kKHz])  (Tps [kHz]) [MHz]) [MHz])
5 214 (047) 469 (0.021) 770 (13)  19.1 (52.33)
200 0.0396 0224 (446) 640 (1.56)  22.95 (43.57)
(25.24)

“Errors within: Ty, +5 ms, Ty, =50 ns, T§ =S ns.

was measured. Signal belongs to oxygen species located outside
the graphene ring.””"®* After reduction, much shorter
relaxation times were observed. Probably, the radical with a
longer relaxation time is also separated from the carbon ring
and located on an oxygen group. If the PDA system is
compared to other disordered, solid, carbon-based samples, the
relaxation can be considered as slow. Relaxation rates in PDA
are 2.5 and 10 kHz at 100 K. In graphene-based materials, it is,
e.g. in graphene nanoribbons T, ~14 kHz and 100 kHz,** in
graphene T,™' ~ T,”" ~ 3 MHz in partially reduced
graphene oxide 17.5 MHz®” in graphene oxide it is ~1 kHz.%*
In all these systems, reduction, which causes an increase in
conductivity and larger delocalization of electrons over carbon
rings, decreases the spin—lattice relaxation time. This makes it
more probable in the PDA system that a long relaxation time is
likely to be found on oxygen groups further from the carbon
ring like it was found for graphene oxide.”’

The spin—lattice relaxation process can be described by
tunneling of two-level systems (TLSs)—the TLS model which
described soft local oscillators, localized phonons. This model
can be used for describing electron relaxation of amorghous
disordered solid systems, for example, polymers.””**® The
temperature dependence of the spin—lattice relaxation rate in
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the TLS model can be described®® in the form 1/T;, = A X T
+ B X Cosh(A/kT), with fitting parameters as follows: A =
(572 +64)x 10°K's7! B=(250+2.6) X 1073, and A =
258.9 + 25.7 K, R* = 0.9987, and for the second process (1/
T,p) with parameters as follows: A = (1.2 + 0.9) X 1076 K™!
s, B=(80=+05) X 1073 and A = 284.8 + 148 K, R* =
0.9987. The linear relaxation process dominates up to 50 K.
Such dependence can be produced by various mechanisms,
such as modulations of the hyperfine coupling by tunneling
TLS at low temperatures, modulations of the singlet—triplet
splitting of exchange coupled pairs by local dynamics, and/or
local oscillator dynamics. At higher temperatures, excitations
with energy A are the dominating relaxation mechanisms.®””

The phase memory time T, is constant below 100 K, but at
higher temperatures, it starts to decrease, which is connected
with the broadening of spin packets under the inhomoge-
neously broadened line (Figure Sa,d, Table 2). This broad-
ening can be attributed to the thermal activation of the local
dynamics of —OH and —NH, groups, which, above 200 K,
could lead to a minimum of T, when the spin packet
frequencies will average (above the measured temperature
range). In connection with the increase of T, time, which is
responsible for the observable line width AB, the signal
broadening homogenizes probably due to spin diffusion
processes. The increase of T, ' relaxation rate with a decrease
of temperature corresponds qualitatively with the increase of
the line width AB from CW measurements.

B CONCLUSIONS

The new approach toward EPR studies of PDA using pulse X-
band (9 GHz), Q-band (34 GHz), and W-band (94.4 GHz)
FSED and relaxation measurements confirmed the presence of

https://dx.doi.org/10.1021/acs.jpcb.0c10485
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two radical species in a quantitative ratio of ~1:2. The increase
of spectral resolution when changing from the X-band to W-
band was not enough to clearly separate the components of the
EPR signal, but fitting showed two components with different
g-factors under one unresolved line. Both radical species show
different temperature relaxation behaviors, which suggest
different spatial coordinates. A lack of visible hyperfine
splitting suggests a low radical spin density over the nitrogen
nucleus. Under the assumption of axial anisotropy and point-
dipole approximation, the shortest distance r between one of
the radicals and the hydrogen atom is 0.37 nm. By comparison
with other carbon-ring systems, it is assumed that the
semiquinone (oxygen-based) radical exhibits a longer
relaxation time of T, = 46.9 ms at 5 K (T7! = 21 Hz) than
the radical delocalized on the carbon ring. The temperature
dependence of the spin—lattice relaxation rate T7' could be
well approximated with the TLS model, which was previously
applied for amorphous and disordered solid systems.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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