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Abstract: Black cumin seeds and seed oil have long been used in traditional foods and medicine
in South Asian, Middle Eastern and Mediterranean countries and are valuable flavor ingredients.
An important ingredient of black cumin is the small molecule thymoquinone (TQ), which manifests
low toxicity and potential therapeutic activity against a wide number of diseases including diabetes,
cancer and neurodegenerative disorders. In this study, the antioxidant activities of black seed oil, TQ
and a related molecule found in black cumin, thymohydroquinone (THQ), were measured using a
direct electrochemical method to experimentally evaluate their superoxide scavenging action. TQ
and the black seed oil showed good superoxide scavenging ability, while THQ did not. Density
Functional Theory (DFT) computational methods were applied to arrive at a chemical mechanism
describing these results, and confirmed the experimental Rotating Ring Disk Electrode (RRDE)
findings that superoxide oxidation to O, by TQ is feasible, in contrast with THQ, which does
not scavenge superoxide. Additionally, a thorough inquiry into the unusual cyclic voltammetry
pattern exhibited by TQ was studied and was associated with formation of a 1:1 TQ-superoxide
radical species, [TQ-O;] " e. DFT calculations reveal this radical species to be involved in the n-rt
mechanism describing TQ reactivity with superoxide. The crystal structures of TQ and THQ were
analyzed, and the experimental data reveal the presence of stacking intermolecular interactions
that can be associated with formation of the radical species, [TQ-O,] " e. All three of these methods
were essential for us to arrive at a chemical mechanism that explains TQ antioxidant activity, that
incorporates intermolecular features found in the crystal structure and which correlates with the
measured superoxide scavenging activity.
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1. Introduction

The annual herb Nigella sativa L. is native to the Mediterranean region, northern Africa
and south Asia. Historical evidence of its use by ancient civilizations in those areas exists
and seeds of the plant (black cumin) were even found in King Tutankhamen’s tomb [1].
Today, populations in those geographical locations still use the black seeds and the related
oil, containing the phytochemicals thymoquinone (TQ) and thymohydroquinone (THQ), in
traditional foods as valuable flavor ingredients and for medicinal purposes, ingested with
food or honey [1,2]. The main active phytochemicals in the seeds and oil include several
monoterpenes, TQ (by far, the highest concentration), THQ, p-cymene, carvacrol and thy-
mol [3]. Additionally, black cumin seed oil is rich in nutritionally beneficial fatty acids such
as linoleic acid (57.71%) and oleic acid (24.46%) [2]. As with many agricultural materials,
black seeds and the related cold-pressed oil show compositional variation depending on
the area of cultivation [4].
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Importantly, black seeds and their oil have demonstrated widespread action against
numerous diseases. Because the low toxicity and potential therapeutic activity of TQ is
notable, including diseases such as diabetes, cancer and neurodegenerative disorders, it
has been the subject of many review articles [5-7]. Recently, TQ therapeutic activity has
extended to include its use as a viable treatment against Covid-19 [8]. The presence of
TQ and THQ in other plant species besides N. Sativa, including the Thymus vulgaris L.
and Origanum species, is confirmed [5,9]. Studies on the biosynthesis of TQ and THQ in
Lamiaceae established that the monoterpenes, thymol and carvacrol, are used to produce
THQ by cytochrome P-450 enzymes, CYP76540 or CYP736A300, which then is converted
to TQ [10].

An objective of this study was to obtain chemical data to help clarify the relation-
ship between the antioxidant and free radical scavenging properties of these substances
and to gain insight into the chemical mechanisms underlying the therapeutic benefits of
these phytochemical ingredients. We investigated the crystal and molecular structures
of the small molecules TQ and THQ, as this method also reveals information regarding
intermolecular interactions among neighboring molecules. We measured the antioxidant
activity of black seed oil, TQ and THQ using the RRDE and one-electrode cyclic voltamme-
try electrochemical methods to obtain information about scavenging properties. Last, we
used DFT methods to describe electronic properties since these are related to a molecule’s
ability to donate and/or receive electron density and its antioxidant capability. These
computational methods were essential for us to arrive at a superoxide scavenging chemical
mechanism that incorporates intermolecular features found in the crystal structure and
which correlates with the measured superoxide scavenging activity.

2. Materials and Methods
2.1. Reagents

Thymoquinone (Toronto Research Chemicals, Toronto, ON, CA), thymohydroquinone
(Cayman Chemical, Ann Arbor, MI, USA) and Cold Pressed Black Seed Oil (Maju Super-
foods, San Diego, CA, USA). For electrochemical studies, tetrabutylammonium bromide
(TBAB; TCI Chemicals, Portland, OR, USA) and 99.9% anhydrous Dimethyl Sulfoxide
(DMSO; Sigma-Aldrich, Inc., St. Louis, MO, USA).

2.2. Equipment
2.2.1. Electrochemistry

A Pine Research WaveDriver 20 bipotentiostat with the Modulated Speed Electrode
Rotator was used to perform the hydrodynamic voltammetry at a rotating ring-disk elec-
trode (RRDE) as well as cyclic voltammetry (CV). The working electrode is the AFE6R2
gold disk and gold ring rotator tip (Pine Research, Durham, NC, USA) combined with a
coiled platinum wire counter electrode and a reference electrode consisting of an AgCl
coated silver wire immersed in 0.1 M tetrabutylammonium bromide (TBAB) in dry DMSO
in a fritted glass tube. The electrodes were placed in a five-neck electrochemical cell to-
gether with means for either bubbling or blanketing the solution with gas. Voltammograms
were collected using Aftermath software provided by Pine Research. Careful cleaning
of the electrodes was performed by polishing with 0.05 um alumina-particle suspension
(Allied High Tech Products, Inc., Rancho Dominguez, CA, USA) on a moistened polishing
microcloth to eliminate potential film formation [11]. Cyclic voltammetry was performed
using the same electrodes and cell.

2.2.2. X-ray Diffraction

An APEX2 DUO platform X-ray diffractometer from Bruker Advanced X-ray Solutions
(Madison, WI, USA) was used to obtain X-ray data measurements on suitable crystals at
125 K. Temperature was maintained using a cold liquid nitrogen stream from Oxford
Cryosystems (UK).
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2.3. Electrochemical Studies
2.3.1. Hydrodynamic Voltammetry (RRDE)

Stock clear light-yellow 0.03 M solution of TQ (0.0492 g in 10 mL) and clear colorless
0.03 M solution THQ (0.0498 g in 10 mL), in anhydrous DMSO (99.9% purity), were used in
trials, whereas black seed oil was directly introduced in the electrochemical cell.

For the experiment, a solution of 0.1 M TBAB electrolyte in anhydrous DMSO was
bubbled for 5 min with a dry O,/N; (35%/65%) gas mixture to establish the dissolved
oxygen level in the electrochemical cell of 50 mL. The Au/Au disc electrode was then
rotated at 1000 rpm and potential sweep applied to the disk from 0.2 V to —1.2 V and then
back to 0.2 V while the ring was held constant at 0.0 V; the disk voltage sweep rate was set
to 25 mV/s. The molecular oxygen reduction peak (reaction 1) is observed around —0.6 V,
at the disk electrode; the oxidation current (reaction 2) occurs at the ring electrode. An
initial blank, in the absence of an antioxidant, was run on this solution and the ratio of
the ring /disk current was calculated as the “efficiency”. This blank efficiency was found
to be about 20%. Next, an antioxidant aliquot was added, the solution bubbled with the
gas mixture for 5 min, the voltammogram was rerecorded, and efficiency obtained. In this
way, the rate at which increasing concentrations of antioxidant scavenge the generated
superoxide radicals during the electrochemical reaction is determined as each additional
antioxidant aliquot is added. Results from each run were collected on Aftermath software
and represented as voltammograms showing current vs. potential graphs that were later
analyzed using Microsoft Excel. The aliquots used are indicated in related RRDE graphs.
Ultimately, the slope of the overall decrease in efficiency with addition of antioxidant serves
as a quantitative measure of the antioxidant activity of each compound. Any decrease in
the collection efficiency is expected to be due to the amount of superoxide removed by
the antioxidant.

In an RRDE voltammetry experiment, the generation of the superoxide radicals occurs
at the disk electrode while the oxidation of the residual superoxide radicals (that have not
been scavenged by the antioxidant) occurs at the ring electrode.

Reaction 1: Reduction of molecular oxygen at the disk electrode

Disk Reaction Oy +e” — O™ @D
Reverse Reaction 2: Oxidation of superoxide radicals at the ring electrode
Ring Reaction Oy — Oy +e 2)

2.3.2. Cyclic Voltammetry

On completion of the RRDE study of TQ, CV was performed both in the presence and
absence of oxygen dissolved in the DMSO solvent in order to further study the reactions
occurring at the electrode surfaces.

2.4. Computational Study

Calculations were performed using software programs from Biovia (San Diego, CA,
USA). Density Functional Theory (DFT) included in DMol® was applied to calculate energy,
geometry, and frequencies implemented in Materials Studio 7.0 (PC platform) [12]. We em-
ployed the double numerical polarized (DNP) basis set that included all the occupied atomic
orbitals plus a second set of valence atomic orbitals, and polarized d-valence orbitals [13];
the correlation generalized gradient approximation (GGA) was applied including Becke
exchange [14] plus BLYP-D correlation including Grimme’s correction when van der Waals
interactions were involved [15]. All electrons were treated explicitly and the real space
cutoff of 5 A was imposed for numerical integration of the Hamiltonian matrix elements.
The self-consistent field convergence criterion was set to the root mean square change in
the electronic density to be less than 10~° electron/AS. The convergence criteria applied
during geometry optimization were 2.72 x 10~# eV for energy and 0.054 eV /A for force.
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Calculations included the effect of DMSO solvent using the continuous model of Dmol? [16],
to allow correlation with the experimental features from cyclovoltammetry results.

2.5. Diffraction Study

Suitable large yellow single crystals of TQ were grown from a 2:1 (v/v) methanol:water
solution. Colorless crystals of THQ were recrystallized from 1:1 (v/v) ethanol:water solution.
The crystal structures were solved and refined using full-matrix least-squares on F? with
the Bruker incorporated ShelX programs [17]. We input the X-ray data into the MERCURY
program from Cambridge Structural Database (CSD) to produce images of the molecules
and crystal packing [18]. Crystal data of THQ and TQ have been deposited at the CSD and
are available at https:/ /www.ccdc.cam.ac.uk/structures/? (accessed on 1 January 2023)
using Identifier CCDC number 2239493-2239494 and are available upon request [19].

3. Results and Discussion
3.1. Diffraction Study

Crystal data for THQ and TQ are given in Table 1. Both THQ and TQ crystallized with
two molecules in the asymmetric unit, displayed in Figure 1. Atomic distances and angles
in both structures agree with expected values.

Table 1. Crystal data and structure refinement for thymohydroquinone (THQ), thymoquinone (TQ).

Identification code
Empirical formula
Formula weight
Temperature /K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/°

v/°

Volume/ A3

Z

Pcale g/ cm?
p/mm-1

F(000)

Crystal size/ mm?3
Radiation

20 range for data collection/®

Index ranges
Reflections collected

Independent reflections
Data/restraints /parameters
Goodness-of-fit on F2

Final R indexes [I >= 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

Flack parameter

THQ TQ
C10H140; C10H120,
166.221 164.206
125.15 125.15
monoclinic triclinic

Pc P-1
10.7442(11) 6.6965(7)
10.020(1) 10.4246(10)
9.0363(9) 13.4314(13)
920 98.553(5)
110.201(2) 102.981(5)
920 92.841(5)
912.98(16) 900.15(16)
4 4

1.209 1.212

0.083 0.673

360.2 353.2

0.1 x 0.08 x 0.06
Mo Ko (A = 0.71073)

4.04 to 50.92
—12<h<12,-12<k<12,-10<1<10
15,163

3375 [Rint = 0.0678, Ryigma = 0.0610]
3375/2/332

1.070

R = 0.0407, wR, = 0.0628

Ry = 0.0762, wR, = 0.0734

0.17/-0.16

0.2(3)

0.29 x 0.25 x 0.01
CuKa (A = 1.54178)

6.84 to 143.16

—8<h<8 -12<k<12 -16<1<16
17,559

3363 [Rint = 0.0435, Ryigma = 0.0340]
3363/0/269

1.166

Ry =0.0493, wR, = 0.1631

Ry = 0.0719, wR, = 0.2379

0.40/—0.27
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Figure 1. Asymmetric unit of THQ, (left), and TQ, (right), with atom labeling.

3.1.1. Thymoquinone

The two molecules in the asymmetric unit differ mainly in the rotation of the isopropyl
group, as seen in Figure S1.

Alternating inversion center related molecules of TQ are stacked in a displaced manner
primarily along the a axis, allowing the hydrophobic isopropyl and methyl groups to be
close to each other. The displaced stacking among these planes is close to 3.4 A. Similarly,
TQ molecules in the same plane are arranged with CH ... O close contacts of about 3.4 A.
These are displayed in Figure 2 and illustrate that only van der Waals forces are seen in the
crystal structure.

Figure 2. TQ molecules have planar quinone rings which have close contacts with other TQ molecules
in the same plane of about 3.4 A. Stacking between these planes is also about 3.4 A. Hydrogen atoms
removed for clarity.

A lower-resolution powder diffraction structure of thymoquinone had been earlier
reported with CSD refcode NIDKER [20]. This structure determination was not able to
detect the hydrogen atoms in the molecule.

3.1.2. Thymohydroquinone

The space group for THQ was ultimately chosen to be the non-centric space group
Pc. The centrosymmetric P2; /c was attempted, but refinement in that space group gave
an unacceptable solution with much higher R-value and abnormally high anisotropic
displacement parameters. As expected, THQ manifests extensive and strong hydrogen-
bonding intermolecular interactions, which are shown in Figure 3, and whose geometric
details are reported in Table 2. Each hydroxyl group (O1H, O2H in Molecule 1 and O3H
and O4H of Molecule 2 in the asymmetric unit) has two strong intermolecular hydrogen
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bonds creating an infinite hydrogen bond network throughout the crystal structure. No
stacking interactions are evident.

Figure 3. Hydrogen bonding among the THQ molecules in the crystal. Hydrogen atoms are not
shown for clarity.

Table 2. Hydrogen Bonds from crystal structure of THQ.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°

01 H1 04 0.85(4) 1.93(5) 2.769(5) 170(5)
04 H4 o1t 0.80(4) 1.96(4) 2.755(5) 172(4)
03 H3 022 1.05(8) 1.74(8) 2.781(5) 172(7)
02 H2 033 1.10(8) 1.71(8) 2.791(5) 164(7)

1+x,17y,71/2+z;21+x,1fy,1/2+z;371+x,1+y,+z.

3.2. DFT Study
3.2.1. Thymoquinone

After X-ray atomic coordinates of TQ were input in Materials Studio (Dmol®) quantum
mechanical program, geometry optimization was applied and the resulting minimum
energy structure is shown in Figure 4A. Single bonds in the quinone ring are in the range
1.47-21.501 A, obviously longer than the two double bonds, 1.356 A (compared with X-ray
values of 1.473-1.493 A (single) and 1.337-1.342 A (double)).

Next, we studied the TQ structural modifications after a superoxide radical was 7-7t
placed at van der Waals separation (3.50 A) between quinone and superoxide centroids.
DFT geometry minimization, Figure 4B, shows the superoxide being more distant, 3.579 A
apart, and with the initial superoxide O-O bond length distance of 1.373 A shortening
to 1.283 A, which rather corresponds to the O, double bond distance. Meanwhile, the
TQ ring bond lengths become modified, for instance, C=C double bonds become longer,
1.372 A (from initial values shown in Figure 4A 1.356 A), while the quinone single C-C
bonds become 0.02-0.03 A shorter. Shorter single bonds and longer double bonds can
be associated with ring aromatization, suggesting the unpaired electron of superoxide
is donated to the quinone ring. This result has already been observed by us in related
polyphenols scavenging superoxide [21]. The electron captured by the ring also has an
effect on the C=0 bond lengths as they become elongated by 0.03 A. We call this process (a).
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From Figure 4 we conclude that superoxide oxidation (and O, formation) by TQ is feasible.
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Figure 4. TQ superoxide scavenging DFT calculations. H atoms are light blue to avoid white
background misperception. (A) Minimized TQ molecule obtained after input of corresponding
X-ray coordinates. (B) Superoxide was 7t-rt placed (3.50 A) above ring shown in A, and upon DFT
minimization both moieties became more distant, 3.579 A, while ring C-C bond lengths were modified
due to electron transferred from superoxide to the ring and O-O bond length shortens to 1.283 A.
(C) Structure shown in A has a proton van der Waals separated (2.60 A) from one O(carbonyl).
(D) DFT outcome of structure shown in C, plus an additional proton 2.60 A separated from the second
O(carbonyl). (E) DFT outcome of structure shown in D whose charge is 2+, showing two C-OH
moieties. (F) A superoxide radical was 7-7t placed in E, and DFT shows formation of the radical
[thymohydroquinonen-O,]e*, with separation between centroids of 2.697 A.

However, since TQ has no hydroxyls available, an alternative process (b) can be
envisioned involving interaction between the quinone and available protons. This route
can induce reduction of a C=0 carbonyl to a C-OH moiety and has been described for
the quinone natural product embelin [22]. The initial state of this process is shown in
Figure 4C, where a proton is placed at van der Waals separation from the O(carbonyl),
2.60 A (1.20 A +1.40 A, for H and O van der Waals radii, respectively), Figure 4A. After DFT
minimization, Figure 4D shows the proton captured by the TQ, O-H bond length = 0.986 A,
and lengthening of the corresponding C-O bond, 1.311 A, compared to initial 1.241 A in
Figure 4A, thus confirming C-OH formation. Indeed, Figure 4D shows the input for the
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next DFT calculation, i.e., the approach of an additional proton to the second O(carbonyl)
in TQ, located initially at 2.60 A, and which results in the energy minimum moiety shown
in Figure 4E, a 2+ charged polyphenol (from 2 captured protons), and having 2 hydroxyls,
[THQJ?**. As observed in Figure 4B, superoxide is able to transfer its unpaired electron to
the TQ ring, and we can expect that the dicationic polyphenol in Figure 4E will permit an
even easier electron transfer to the ring. Indeed, this happens and the DFT outcome after
energy minimization of the initial structure, a superoxide -7t posed at 3.50 A (Figure 4E),
is shown in Figure 4F, having shorter separation between stacked centroids, 2.697 A. Upon
an additional 7-7r attack by a second superoxide on the opposite side of the polyphenol
ring, this radical also binds to the ring with a longer separation, 2.987 A, Figure 5. This
resulting thymohydroquinone-n-20, complex is a neutral species with aromatic character,
as shown by the ring C-C bonds in the range 1.394-1.418 A; this is process (b). Attempts to
extract one H(hydroxyl) from the thymohydroquinone-n-20; structure shown in Figure 5,
by an additional superoxide via o attack, were not successful, as the possible expected
radical product {[thymohydrosemiquinone-n-20;]e HO, ™} is +4.3 Kcal/mol higher than
the reagent, thus indicating no further reactivity of the thymohydroquinone-n-20; complex.

.n___1_4Qti
,1/418 e 1.395
——< R H—
1394 X420
Pt T

/ -2.992\ L379

© o

_ ,0f977

55

Figure 5. An additional superoxide (large stick style) was 7-7t placed below the structure shown in
Figure 4F and its DFT minimization shows the neutral final complex [thymohydroquinone-n-O;],
obtained for process (b).

As recently described, molecular oxygen is an important product when polyphenols
act as mimics of superoxide dismutase enzymes, following reaction (3) [23].

20,0 + 2H* — 0O, + H,O, 3)

The reacting proton component of reaction (3) is associated with a polyphenol hydroxyl
H atom transfer (HAT, o attack, [23]) and is more often described in polyphenol antioxidant
studies than the 7-t attack. According to our DFT results, in TQ scavenging of superoxide,
the reaction (3) reactants are involved, since two protons (Figure 4C,D) are captured as well
as two superoxide radicals (Figures 4F and 5), but the products of reaction (3), O, and H,O»,
are not produced by process (b). However, the independent process (a), shown in Figure 4B,
suggests O, formation. In any case, HyO; is not produced, and so TQ does not mimic SOD
action, unlike behavior recently described for some polyphenols [23]. We conclude that TQ
scavenging of superoxide can be described only in terms of stoichiometric reactions.

3.2.2. Thymohydroquinone

THQ X-ray atomic coordinates were treated in a similar way with Dmol®. The DFT
energy minimum structure Figure 6A shows aromatic ring distances (1.40-1.41 A), which
can be compared to the corresponding X-ray values (1.37-1.41 A). A superoxide o-oriented
towards one H(hydroxyl), initially at van der Waals separation 2.60 A, results in a structure



Antioxidants 2023, 12, 607

90f17

having shorter separation, 1.583 A, Figure 6B. This structure was compared with the one
obtained after posing a HO, ™ anion near the corresponding thymohydrosemiquinone
radical (a calculation describing the potential expected product), which resulted in a
slightly shorter H-O separation, 1.564 A, Figure 6C. A comparison between the results
of both minimizations showed AG of 0.3 kcal/mol, indicating no product feasibility. The
m-7t attack was also analyzed after placing superoxide on top of Figure 6A, and DFT
minimization showed both reagents rejected, Figure 4D. We conclude that THQ does not
scavenge superoxide.

A B
= ¢ )
1.393
1",_-—-]—40?\ C_r - —

Liie  N\397

/ X .
¢ 1.397 A.454 : .

s am .©

©

KO--“‘-wi /

Figure 6. THQ DFT calculations. (A) Geometry minimization of thymohydroquinone X-ray co-
ordinates. (B) Minimization obtained after placing a van der Waals separated superoxide from
one H(hydroxyl). (C) Minimization obtained after placing a van der Waals separated HO, ™ from
thymohydroquinone radical. (D) Minimization obtained after placing a 7-7t van der Waals separated
superoxide from THQ, 3.50 A. Initial superoxide bond length of 1.373 A had only a slight variation,
1.368 A. This indicates rejection between both reagents.

3.3. Electrochemistry
3.3.1. Thymoquinone

The antioxidant activity of TQ was studied using an electrochemical technique devel-
oped by Belli et al. [24]. Figure 7 shows RRDE graphs of TQ for all aliquots. Figure 8 shows
the corresponding collection efficiency, while Figure 9 shows the collection efficiency of
the initial five TQ additions. In addition, CV was performed on a O, saturated solution
(bubbled 5 min) containing a single TQ aliquot (Figure 10), and then after purging with dry
N, gas, Figure 11. Both CVs show two complete scans.
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Current (1A)

-300

Potential (V)
Figure 7. TQ RRDE cyclovoltammetry.
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20 [°* . °

Efficiency (%)

=
o

0 0.0001 0.0002 0.0003 0.0004 0.0005
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Figure 8. TQ efficiency.
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20.8

N
o
)

20.4

Efficiency (%)

)
o
N
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0 0.00001 0.00002 0.00003 0.00004
Concentration (M)

0.4

0.0007

0.00005

—0 pL
—10 uL
20 uL
—a0 L
—80uL
160 pL
—320uL
—640 L
—1280 pL

0.0008

0.00006

Figure 9. TQ collection efficiency for blank plus first four aliquots, whose line equation is
y = —21104x + 20.9 (R? = 0.9965).
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-1.2 - -0. -0.6 / -0, 0.2 0.4

TQ+e — [TQ] 9,

Current (pA) .

-15
-20
-25

-30

-35
Potential (V)

Figure 10. CV of TQ 0.00074 M solution (1280 uL aliquot) saturated with the O, /N, mixture. The
star and arrows are described in the text.

3
0O, - 0, +e”

-1.4 0.4
<
2
+
o=
[}
S
—
3
O
TQ+e - [TQ]
O,+e — 0, E
-6

Potential (V)

Figure 11. CV of TQ 0.00074 M solution (1280 puL aliquot) purged with N; gas showing evidence of
incomplete purging of the O,.

The collection efficiency for the TQ RRDE experiment (Figure 8) is anomalous, showing
an initial decrease in efficiency through the first four TQ additions (as normally observed),
but then the efficiency increased with each further addition of TQ aliquot, which has
never been observed in previous studies [22,24-27]. To clarify this behavior of TQ, cyclic
voltammetry of an RRDE solution yielded the voltammogram in Figure 10. Under these
conditions, the reduction of oxygen to generate superoxide, reaction (1), —0.60 V, as well as
the reverse reaction (2) (oxidation of superoxide), —0.30 V, was previously examined by
analyzing a blank solution (without antioxidant), Figure 12 [24]. We analyzed the peaks
seen in Figure 10, starting with the first reduction peak (non-reversible) at about —0.30
to —0.35 V and assigned it to incorporation of an electron into TQ (TQ + e- — [TQ]®). A
reverse reaction was not observed, as after reversing the potential (more positive) than
0.20 V, no related oxidation peak was seen (not shown).
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Figure 12. A cyclovoltammogram of a blank experiment using a classical one working electrode, is
taken from [24], where meaning of red lines are described.

To assign the first oxidation peak, labelled * in Figure 10 at about —0.45 V, we
used DFT to analyze the reactivity of [TQ] ™ e (seen at peak —0.30 to —0.35 V), and saw
that this species is able to react with bubbled oxygen to form the radical [TQ-O;] s,
Figure 13, a reaction not influenced by the further negative electrochemical potential. This
capture of O, by a radical species is uncommon, and the resulting species, [TQ-O;] o, is

therefore associated with its oxidation X peak in Figure 10. By purging the electrochemical

cell with bubbled nitrogen, in Figure 11, the * peak was strongly decreased, consistent
with decreasing O,, although not completely eliminated because of the presence of some
residual non-purged oxygen. Thus, the anomalous increase in efficiency, Figure 8, is not
associated with antioxidant features of TQ, and contrary to results seen for previously
studied scavengers [22,24-27]. Rather, this increase in efficiency is due to increasing [TQ-
O,]~ e concentration, formed as TQ aliquots are added and react with bubbled O5.

Figure 13. DFT minimum energy reaction product, obtained after geometry minimization of m-m
approach of a van der Waals separated, 3.50 A, molecular oxygen and the TQ radical [TQ]e ™. This

radical product had a shortened 7t-7t interaction of 2.579 A and is associated with * peak oxidation
in Figure 9, to give TQ plus O,.

However, it is interesting to compare the peaks associated with reactions (1) and (2) in
Figure 10, as reaction (2) peak height (indicated by short vertical arrow) is shorter than that
of reaction (1) (represented by longer horizontal arrow). For comparison, Figure 12 shows
a typical blank, also using one working electrode, where both peak heights are seen to be
equal. Thus, in Figure 10, the difference in peak height between the amount of superoxide
present at the oxidation peak and the amount of superoxide at the reduction peak is due
to TQ scavenging of superoxide. These features have been characterized in a previous
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study using both electrochemical methods, RRDE and CV [24]. The interference of radical
[TQ-O,]~ @ seems not to be important at low concentrations of TQ, as seen in the first five
data points in Figure 8. These initial values are plotted in Figure 9 to obtain the efficiency
at low concentrations; the related slope (slope = —2.11 x 10%) for the linear expression
y = —21104x + 20.9 (R? = 0.9965), is a good indicator of superoxide scavenging ability of
TQ. We conclude that RRDE experiments on TQ show a mixed effect: on one hand, at low
concentrations, TQ is able to scavenge superoxide, and shows the expected decreasing
efficiency while at higher TQ concentrations, an unexpected increase in efficiency can be
associated with formation of the [TQ-O,] e radical. This radical species is oxidized after
reversing the potential at about —0.45 V in the electrochemistry experiment using one
working electrode, or alternatively, is detected at the ring electrode, whose setting is 0.0 V
in the RRDE experiment.

Table 3 shows electrochemical RRDE data of other polyphenols analyzed previously.
The slope of TQ, —2.11 x 10* falls between chrysin and eriodyctiol, but is closer in value to
the latter.

Table 3. RRDE efficiency slopes of various polyphenols.

BHT. Chrysin Eriodictyol DHDM Butein Clovamide Quercetin Galangin
—0.16 x 10*  —1.10 x 10*  —2.20 x 10* —8.0 x 10% —112x10* —120x10* —155x10* —19.0 x 10*
[22] [24] [24] [21] [21] [25] [23,24] [26]

Our results support earlier investigations that describe TQ superoxide scavenging
ability [28] as well as a thorough inquiry on the unusual cyclic voltammetry pattern shown
by TQ [29].

3.3.2. Thymohydroquinone

THQ was also explored with the RRDE method, and results are shown in Figure 14.
There was no variation in disk and ring current, and so THQ does not scavenge superoxide,
in agreement with the results of the DFT study described earlier, and so the data show no
change from the blank run, both below and above the potential axis, indicating unmodified
reaction (1) and (2), respectively. In other words, THQ has no effect on the RRDE outcome.

100
50
ﬁ'\ X

-1 -0.8 -0.6 5 -0.2 0 0.2 0.4

£
>
[N
N

—O0puL
-50 10puL
20 pL
—40 pL
-100 —80 L
160 pL
—1280 L

Current (nA)

-150

-200

Potential (V)

Figure 14. THQ is not able to scavenge superoxide, as no variation is found with increasing concen-
tration of THQ.



Antioxidants 2023, 12, 607

14 of 17

3.3.3. Black Seed Oil

Black seed oil was also analyzed, and its RRDE cyclovoltammetry data are shown
in Figure 15. Figure 16 shows decreasing collection efficiency overall, with the greatest
decrease at low concentrations. Figure 17 shows the collection efficiency of the first four
aliquots, having good linear behavior (y = —0.0781x + 20.08, R? = 0.9763), demonstrating a
good scavenging ability by the black seed oil.

50

0.4

—0uL
_ —10uL
§ 20 ul
¥ —a40 pL
(=4
@ —80 uL
5 160 L
Q
—320pL
—640 uL
—1280 L.
-300
Potential (V)
Figure 15. Black seed oil RRDE electrochemistry.
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Figure 16. Black seed oil collection efficiency.



Antioxidants 2023, 12, 607

15 of 17

25

20 g

15

10

Efficiency (%)

0 10 20 30 40 50 60 70 80 90

Amount added (pL)

Figure 17. Black seed oil collection efficiency of blank plus first four aliquots, y = —0.0781x + 20.08,
RZ = 0.9763.

Earlier RRDE studies by our group on another cold-pressed vegetable oil, extra virgin
olive oil [30], allow us to compare the slope of the RRDE efficiency of black seed oil (—0.078)
and that of extra virgin olive o0il (—0.0838). The latter is characterized by a linear trend
(y = —0.0838x +19.73, R? = 0.99348) for all 11 runs, (aliquot range 0~100 uL), and shows a
slightly better scavenging of superoxide by olive oil.

4. Conclusions

The molecular mechanisms that underlie the therapeutic effects of TQ are not
completely understood, and literature reports show that TQ likely interacts with a
number of receptors. Its low toxicity and the fact that TQ as well as the oil and seeds
from which it is isolated have been used for thousands of years, make studying its
therapeutic capacity appealing [6].

In this work, we have measured the superoxide scavenging ability of cold-pressed
black cumin oil and two of its ingredients, TQ and THQ. Our results show that the oil
and TQ are strong scavengers of the superoxide radical, whereas THQ has no effect on the
scavenging, despite the presence of two para-hydroxyl groups. Structural X-ray diffraction
data support subsequent DFT calculations that show a path of energetically feasible molec-
ular transformations which corroborate cyclovoltammetry experimental features, i.e., the
scavenging of superoxide by TQ, and no scavenging by THQ. The suggested stoichiometric
reactivity of TQ when reacting with superoxide involves 1) direct 7-rt attack, involving
superoxide oxidation to produce O, as a product, and 2) superoxide o proton attack on
a TQ O(carbonyl), which gets reduced to C-OH, and is not sensitive to further attack
by superoxide.

This theoretical assessment is confirmed using two cyclovoltammetry techniques, cyclic
voltammetry and hydrodynamic voltammetry at an RRDE. Lastly, our work shows the efficacy
of combining multidisciplinary approaches, including experimental X-ray crystallography
and voltammetry as well as computational DFT methods, to provide understanding of
the mechanism of action of small molecule antioxidants. This research supports further
exploration of other natural products having important biomedical activities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12030607/s1, Figure S1: Overlay of two molecules in the
asymmetric unit.

Author Contributions: Conceptualization, EC. and M.R.; methodology, F.C., M.R. and S.B.; software,
F.C,; validation, M.R., EC. and S.B.; formal analysis, EC., M.R,, S.B., R.S. and S.K,; investigation, EC.,


https://www.mdpi.com/article/10.3390/antiox12030607/s1
https://www.mdpi.com/article/10.3390/antiox12030607/s1

Antioxidants 2023, 12, 607 16 of 17

MR, RS, M.H. and S.A ; data curation, EC., S.B., R.S. and M.R,; writing—original draft preparation,
F.C.; writing—review and editing, FC. and M.R.; supervision, M.R. All authors have read and agreed
to the published version of the manuscript.

Funding: M.R. gratefully acknowledges NSF Grant CHE 0521237 for X-ray diffractometer.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: Crystal data of TQ and THQ have been deposited at the Cambridge
Structural Database (CSD) and are available at https:/ /www.ccdc.cam.ac.uk/structures/? using
Identifier CCDC numbers 2239493-2239494 (accessed on 1 January 2023).

Acknowledgments: We thank Karly Andreassen and Vassar College CIS for computational resources
and support with Dassault Systems Biovia software.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

TQ, Thymoquinone;
THQ, Thymohydroquinone;
DFT, Density

Functional Theory;

TBAB, tetrabutylammonium
bromide; RRDE,

Rotating  Ring

Disk Electrode.

References

1.

10.

11.

12.

Padhye, S.; Banerjee, S.; Ahmad, A.; Mohammad, R.; Sarkar, FH. From here to eternity—The secret of Pharaohs: Therapeutic
potential of black cumin seeds and beyond. Cancer Ther. 2008, 6, 495-510. [PubMed]

Albakry, Z.; Karrar, E.; Ahmed, I.A.M.; Oz, E.; Proestos, C.; El Sheikha, A.F.;; Oz, F; Wu, G.; Wang, X. Nutritional Composition
and Volatile Compounds of Black Cumin (Nigella sativa L.) Seed, Fatty Acid Composition and Tocopherols, Polyphenols, and
Antioxidant Activity of Its Essential Oil. Horticulturae 2022, 8, 575. [CrossRef]

Singh, S.; Das, S.S.; Singh, G.; Schuff, C.; de Lampasona, M.P,; Catalan, C.A. Composition, in vitro antioxidant and antimicrobial
activities of essential oil and oleoresins obtained from black cumin seeds (Nigella sativa L.). Biomed. Res. Int. 2014, 2014, 918209.
[CrossRef] [PubMed]

Kabir, Y.; Akasaka-Hashimoto, Y.; Kubota, K.; Komai, M. Volatile compounds of black cumin (Nigella sativa L.) seeds cultivated in
Bangladesh and India. Heliyon 2020, 6, e05343. [CrossRef] [PubMed]

Goyal, S.N.; Prajapati, C.P; Gore, PR,; Patil, C.R.; Mahajan, U.B.; Sharma, C.; Talla, S.P.; Ojha, S.K. Therapeutic potential and
pharmaceutical development of thymoquinone: A multitargeted molecule of natural origin. Front. Pharmacol. 2017, 8, 656.
[CrossRef]

Darakhshan, S.; Bidmeshki Pour, A.; Hosseinzadeh Colagar, A.; Sisakhtnezhad, S. Thymoquinone and its therapeutic potentials.
Pharmacol. Res. 2015, 95-96, 138-158. [CrossRef]

Sarkar, C.; Jamaddar, S.; Islam, T.; Mondal, M.; Islam, M.T.; Mubarak, M.S. Therapeutic perspectives of the black cumin component
thymoquinone: A review. Food Funct. 2021, 12, 6167-6213. [CrossRef]

Badary, O.A.; Hamza, M.S.; Tikamdas, R. Thymoquinone: A Promising Natural Compound with Potential Benefits for COVID-19
Prevention and Cure. Drug Design. Develop. Ther. 2021, 15, 1819-1833. [CrossRef]

Taborsky, J.; Kunt, M.; Kloucek, P.; Lachman, J.; Zeleny, V.; Kokoska, L. Identification of potential sources of thymoquinone
and related compounds in Asteraceae, Cupressaceae, Lamiaceae, and Ranunculaceae families. Open Chem. 2012, 10, 1899-1906.
[CrossRef]

Krause, S.T.; Liao, P.; Crocoll, C.; Boachon, B.; Forster, C.; Leidecker, F.; Wiese, N.; Zhao, D.; Wood, J.C.; Buell, C.R.; et al.
Biosynthesis of thymol, carvacrol, and thymohydroquinone in Lamiaceae proceeds via cytochrome P450s and a short-chain
dehydrogenase. Proc. Natl. Acad. Sci. USA 2021, 118, €2110092118. [CrossRef]

Mayrhofer, K.; Strmenik, D.; Blizanac, B.; Stamenkovic, V.; Arenz, M.; Markovic, N. Measurement of oxygen reduction activities
via the rotating disc electrode method: From Pt model surfaces to carbon-supported high surface area catalysts. Electrochim. Acta
2008, 53, 3181-3188. [CrossRef]

Delley, B. From molecules to solids with the DMol® approach. J. Chem. Phys. 2000, 113, 7756-7764. [CrossRef]


https://www.ccdc.cam.ac.uk/structures/?
http://www.ncbi.nlm.nih.gov/pubmed/19018291
http://doi.org/10.3390/horticulturae8070575
http://doi.org/10.1155/2014/918209
http://www.ncbi.nlm.nih.gov/pubmed/24689064
http://doi.org/10.1016/j.heliyon.2020.e05343
http://www.ncbi.nlm.nih.gov/pubmed/33163654
http://doi.org/10.3389/fphar.2017.00656
http://doi.org/10.1016/j.phrs.2015.03.011
http://doi.org/10.1039/D1FO00401H
http://doi.org/10.2147/DDDT.S308863
http://doi.org/10.2478/s11532-012-0114-2
http://doi.org/10.1073/pnas.2110092118
http://doi.org/10.1016/j.electacta.2007.11.057
http://doi.org/10.1063/1.1316015

Antioxidants 2023, 12, 607 17 of 17

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Perdew, J.P.,; Chevary, ]J.A.; Vosko, S.H.; Jackson, K.A.; Pederson, M.R.; Singh, D.].; Fiolhais, C. Atoms, molecules, solids, and
surfaces: Applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B Cond. Mat. Mater.
Phys. 1992, 46, 6671-6687. [CrossRef] [PubMed]

Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 1988,
38, 3098-3100. [CrossRef]

Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem.
2006, 27, 1787-1799. [CrossRef]

Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.
Phys. Rev. B 1988, 37, 785-789. [CrossRef]

Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112-122. [CrossRef]

The Cambridge Crystallographic Data Centre (CCDC) Mercury Visualization Software. Available online: https://www.ccdc.cam.
ac.uk/solutions/software/mercury/ (accessed on 27 February 2023).

The Cambridge Crystallographic Data Centre (CCDC), Access Structures. Available online: https://www.ccdc.cam.ac.uk/
structures/? (accessed on 1 January 2023).

Pagola, S.; Benavente, A.; Raschi, A.; Romano, E.; Molina, M.A.; Stephens, PW. Crystal structure determination of thymoquinone
by high-resolution X-ray powder diffraction. AAPS Pharm. Sci. Tech. 2004, 5, e28. [CrossRef]

Okoye, I; Yu, S.; Caruso, E; Rossi, M. X-ray Structure Determination, Antioxidant Voltammetry Studies of Butein and 2/ Al
Dihydroxy-3,4-dimethoxychalcone. Computational Studies of 4 Structurally Related 2/,4’-diOH Chalcones to Examine Their
Antimalarial Activity by Binding to Falcipain-2. Molecules 2021, 26, 6511. [CrossRef]

Caruso, F; Rossi, M.; Kaur, S.; Garcia-Villar, E.; Molasky, N.; Belli, S.; Sitek, ].D.; Gionfra, E.; Pedersen, J.Z.; Incerpi, S. Antioxidant
Properties of Embelin in Cell Culture. Electrochemistry and Theoretical Mechanism of Scavenging. Potential Scavenging of
Superoxide Radical through the Cell Membrane. Antioxidants 2020, 9, 382. [CrossRef] [PubMed]

Caruso, F.; Incerpi, S.; Pedersen, J.; Belli, S.; Kaur, S.; Rossi, M. Aromatic Polyphenol 7-7 Interactions with Superoxide Radicals
Contribute to Radical Scavenging and Can Make Polyphenols Mimic Superoxide Dismutase Activity. Curr. Issues Mol. Biol. 2022,
44, 5209-5220. [CrossRef] [PubMed]

Belli, S.; Rossi, M.; Molasky, N.; Middleton, L.; Caldwell, C.; Bartow-McKenney, C.; Duong, M.; Chiu, J.; Gibbs, E.; Caldwell, A;
et al. Effective and Novel Application of Hydrodynamic Voltammetry to the Study of Superoxide Radical Scavenging by Natural
Phenolic Antioxidants. Antioxidants 2019, 8, 14. [CrossRef] [PubMed]

Ye, N.; Belli, S.; Caruso, E; Roy, G.; Rossi, M. Antioxidant studies by hydrodynamic voltammetry and DFT, quantitative analyses
by HPLC-DAD of clovamide, a natural phenolic compound found in Theobroma cacao L. beans. Food Chem. 2021, 341 Pt 2, 128260.
[CrossRef] [PubMed]

Caruso, F; Berinato, M.; Hernandez, M.; Belli, S.; Smart, C.; Rossi, M. Antioxidant properties of bee propolis and an important
component, galangin, described by X-ray crystal structure, DFT-D and hydrodynamic voltammetry. PLoS ONE 2022, 17, €0267624.
[CrossRef]

Rossi, M.; Wen, K.; Caruso, F; Belli, S. Emodin scavenging of superoxide radical. X-ray crystal structure, hydrodynamic
voltammetry and theoretical studies. Antioxidants 2020, 9, 194. [CrossRef]

Badary, O.A.; Taha, R.A.; Gamal el-Din, A.M.; Abdel-Wahab, M.H. Thymoquinone is a potent superoxide anion scavenger. Drug
Chem. Toxicol. 2003, 26, 87-98. [CrossRef]

Petrucci, R.; Marrosu, G.; Astolfi, P.; Lupidi, G.; Greci, L. Cyclic voltammetry, spectroelectrochemistry and electron spin resonance
as combined tools to study thymoquinone in aprotic medium. Electrochim. Acta 2012, 60, 230-238. [CrossRef]

Rossi, M.; Caruso, F; Kwok, L,; Lee, G.; Caruso, A.; Gionfra, F; Candelotti, E.; Belli, S.L.; Molasky, N.; Raley-Susman, K.M.; et al.
Protection by extra virgin olive oil against oxidative stress in vitro and in vivo. Chemical and biological studies on the health
benefits due to a major component of the Mediterranean diet. PLoS ONE 2017, 12, e0189341. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1103/PhysRevB.46.6671
http://www.ncbi.nlm.nih.gov/pubmed/10002368
http://doi.org/10.1103/PhysRevA.38.3098
http://doi.org/10.1002/jcc.20495
http://doi.org/10.1103/PhysRevB.37.785
http://doi.org/10.1107/S0108767307043930
https://www.ccdc.cam.ac.uk/solutions/software/mercury/
https://www.ccdc.cam.ac.uk/solutions/software/mercury/
https://www.ccdc.cam.ac.uk/structures/?
https://www.ccdc.cam.ac.uk/structures/?
http://doi.org/10.1208/pt050228
http://doi.org/10.3390/molecules26216511
http://doi.org/10.3390/antiox9050382
http://www.ncbi.nlm.nih.gov/pubmed/32380755
http://doi.org/10.3390/cimb44110354
http://www.ncbi.nlm.nih.gov/pubmed/36354666
http://doi.org/10.3390/antiox8010014
http://www.ncbi.nlm.nih.gov/pubmed/30621138
http://doi.org/10.1016/j.foodchem.2020.128260
http://www.ncbi.nlm.nih.gov/pubmed/33039740
http://doi.org/10.1371/journal.pone.0267624
http://doi.org/10.3390/antiox9030194
http://doi.org/10.1081/DCT-120020404
http://doi.org/10.1016/j.electacta.2011.11.055
http://doi.org/10.1371/journal.pone.0189341

	Introduction 
	Materials and Methods 
	Reagents 
	Equipment 
	Electrochemistry 
	X-ray Diffraction 

	Electrochemical Studies 
	Hydrodynamic Voltammetry (RRDE) 
	Cyclic Voltammetry 

	Computational Study 
	Diffraction Study 

	Results and Discussion 
	Diffraction Study 
	Thymoquinone 
	Thymohydroquinone 

	DFT Study 
	Thymoquinone 
	Thymohydroquinone 

	Electrochemistry 
	Thymoquinone 
	Thymohydroquinone 
	Black Seed Oil 


	Conclusions 
	References

