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Abstract: (1) Background: Oxidative stress plays a pivotal role in the pathogenesis of various dis-
eases, including neurodegenerative disorders, cardiovascular diseases, cancer, and diabetes, high-
lighting the pressing need for effective antioxidant interventions. (2) Methods: In this study, we
aimed to develop and characterise two novel antioxidant formulations, F3 and F4, as therapeutic
interventions for oxidative stress-related conditions. (3) Results: The physicochemical characterisa-
tion, preformulation analysis, formulation, preparation of filling powders for capsules, capsule con-
tent evaluation, and antioxidant activity assessment of the two novel antioxidant formulations were
assessed. These formulations comprise a combination of well-established antioxidants like querce-
tin, biotin, coenzyme Q10, and resveratrol. Through comprehensive testing, the formulations” anti-
oxidant efficacy, stability, and potential synergistic interactions were evaluated. (4) Conclusions:
The findings underscore the promising potential of these formulations as therapeutic interventions
for oxidative stress-related disorders and highlight the significance of antioxidant interventions in
mitigating their progression.

Keywords: oxidative stress; antioxidant action; biotin; resveratrol; coenzyme Q10; quercetin

1. Introduction

Oxidative stress is caused by a series of environmental factors including pathogens,
UV rays, the action of herbicides, and pollution. Dietary factors are also one of the main
causes of oxidative stress. Many of the drugs contain toxins that can cause the occurrence
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of processes that are the basis of the triggering of oxidative stress [1-3]. These can, in some
cases, inhibit the functionality of DNA or the production of enzymes, both crucial in the
stages of glycolysis and oxidation [4,5]. Limiting these activities can cause the production
of a large amount of free radicals [6,7]. Free radicals cannot simply be eliminated, they act
on cell membranes, modifying DNA structures, which results in the deformation or death
of the respective cells (the result is what we see in the mirror, premature aging and a state
of poor health) [8,9]. Oxidative stress, resulting from an imbalance between the produc-
tion of reactive oxygen species (ROS) and the antioxidant defence system, has been impli-
cated as a key contributor to the pathogenesis of these disorders. Notable conditions as-
sociated with or influenced by oxidative stress encompass neurodegenerative diseases,
cardiovascular diseases, cancer, diabetes, chronic inflammatory diseases, and age-related
disorders [10-22]. On the other hand, oxidative stress arises from an imbalance between
free radical generation and the body’s antioxidant defence mechanisms. This imbalance
can lead to cellular damage, impacting proteins, DNA, and cellular functions [23-29]. The
interplay between neuroplasticity and oxidative stress is intricate. However, elevated or
persistent oxidative stress can disrupt neuroplasticity. It can cause cellular damage, inter-
fere with signaling pathways critical for adaptive changes, and potentially impair the
brain’s ability to adapt and learn [30,31].

Genetic mutations denote alterations in the DNA sequence arising from diverse fac-
tors, encompassing environmental influences, intrinsic cellular processes, or hereditary
predispositions. These mutations can affect gene and protein functionalities, leading to
variations in cellular mechanisms and operations. Oxidative stress itself can induce DNA
damage and mutations, potentially exacerbating cellular dysfunction and genetic varia-
tions [32-34]. Certain genetic conditions are linked to compromised antioxidant pathways
or impaired DNA repair mechanisms, heightening susceptibility to oxidative damage.
Conditions such as familial amyotrophic lateral sclerosis (ALS) or specific hereditary can-
cers exemplify associations between mutations affecting cellular defences against oxida-
tive stress [35,36]. Furthermore, oxidative stress-induced DNA damage can prompt mu-
tations in pivotal genes governing cellular regulation, contributing to the onset of diverse
ailments, including cancer, neurodegenerative disorders, and age-related conditions [37-
43].

A balanced diet is the best treatment against oxidative stress, thanks to the antioxi-
dants found in fresh fruits and vegetables, which have the ability to annihilate the un-
healthy surplus of free radicals. The most important sources of antioxidants are found in
nature, in complex forms, and never alone. The polyvitamin complexes provided by fruits
and vegetables are very beneficial for the whole body [44,45]. Strategies aimed at mitigat-
ing oxidative stress through lifestyle modifications, antioxidant-rich dietary interventions,
regular physical exercise, stress management, and targeted medical therapies focusing on
antioxidant pathways hold promise in managing or attenuating the risk of these disorders.
Further research into understanding the intricate role of oxidative stress in the pathogen-
esis of these conditions is crucial for devising tailored therapeutic approaches aimed at
alleviating oxidative damage and preventing disease progression [46—49]. To reduce oxi-
dative damage, it is very important to avoid sources of oxidants (cigarettes, alcohol, foods
with a poor nutritional index, stress, etc.) or toxic substances (contaminated foods, pol-
luted environments) and to increase the consumption of food rich in antioxidants [50,51].

In this study, two antioxidant formulations, F1 and F2, comprising quercetin, biotin,
coenzyme Q10, and resveratrol, in different proportions were subjected to extensive phys-
icochemical characterisation and preformulation analysis to elucidate their composition
and stability. Capsule content evaluation was conducted to assess the uniformity of dos-
age and confirm the presence of active ingredients within each capsule. Antioxidant ac-
tivity, a critical parameter for assessing the therapeutic potential of antioxidant formula-
tions, was evaluated using appropriate assays to measure radical scavenging activity, li-
pid peroxidation inhibition, and total antioxidant capacity. The novelty of this study lies
in the integration of the synergistic combination of quercetin, biotin, coenzyme Q10, and
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resveratrol. While each of these compounds has been individually studied for its antioxi-
dant properties, the synergistic interactions between them within the formulations repre-
sent a novel approach to combating oxidative stress. By harnessing the complementary
mechanisms of action of these compounds, the formulations offer the potential for en-
hanced antioxidant efficacy compared to single-agent interventions. Additionally, the
comprehensive characterisation and evaluation of the formulations” physicochemical
properties, formulation processes, capsule content, and antioxidant activity contribute to
the novelty of this research. Literature research has primarily focused on their individual
effects, with limited exploration of their combined synergistic actions within formula-
tions. By integrating these compounds in different combinations and proportions into two
distinct antioxidant formulations, F3 and F4, this study advances the state of the art by
exploring novel combinations of antioxidants tailored for the prophylaxis and treatment
of oxidative stress-related conditions.

2. Results
2.1. ATR-FTIR Spectroscopy

Figure 1 displays the ATR-FTIR spectra of individual components (quercetin, biotin,
coenzyme Q10, and resveratrol), formulations with active ingredients (F1 and F2), and
final capsule formulations with excipients (F3 and F4).
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Figure 1. FTIR spectra of analysed compounds (a) quercetin, biotin, coenzyme Q10, F1, and F3; (b)
resveratrol, biotin, coenzyme Q10, F2, and F4, in the range of 4000-450 cm™.

The ATR-FTIR spectrum of quercetin, depicted in Figure 1la—black line, reveals its
characteristic bands [52]. Stretching of O-H groups appeared at 3406 and 3283 cm™, with
bending of the phenolic O-H group observed at 1379 cm™'. The aryl ketonic C=O stretch
absorption was observed at 1666 cm™. Stretching of the C=C aromatic ring manifested at
1610, 1560, and 1510 cm™. In-plane bending of C-H in the aromatic hydrocarbon was de-
tected at 1317 cm™, while out-of-plane bending occurred at 933, 820, 679, and 600 cm™.
Additionally, bands at 1263, 1200, and 1165 cm™ were attributed to C-O stretching in the
aryl ether ring, C-O stretching in phenol, and C-C=0O-C stretching and bending in ketone,
respectively. The ATR-FTIR spectrum of biotin (red line from Figure 1) shows the main
bands, namely: 3386 cm™—the hydroxyl absorptions; 2931 cm™'—CH2 group stretching
and deformation modes; 1639 cm'—C-O deformation band; 1481 cm'—C=0 stretch;
1316 cm™ and 1269 cm™!'—deformation of skeletal vibrations of C—C moieties [53]. The
ATR-FTIR spectrum of coenzyme Q10 (from Figure 1—green line) showed the main
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absorption bands: at 1646.7 cm™ attributed to C=0; at 1607.0 cm™ attributed to C=C; and
at 1446.8 cm™ attributed to C-H bending [54]. The ATR-FTIR spectrum of resveratrol (Fig-
ure 1b) showed a broad absorption band at 3200~3500 cm™! attributed to O-H functional
groups (phenolic and hydroxyl groups) [55]; other peaks which are revealed between 1440
and 1590 cm™, at 1375 cm™, at 1145 cm™, and 965 cm™! are characteristic of functional
groups of resveratrol such as benzene ring, aromatic ring carbon—carbon double-bond vi-
bration, and C-O stretching vibration [56,57]. The peak corresponding to C-C stretching
vibration is shown at 1105 cm™, and at 1010 and 965 cm™ are the peaks attributed to bend-
ing vibrations of the trans olefinic C=C [58].

The capsule formulations exhibit diminished peak intensities and the disappearance
of characteristic peaks of the active ingredients, indicating potential interactions between
the compounds. However, the overall spectral profile and characteristic peaks of the final
capsule formulation closely resemble those of the formulations without excipients, with
only a reduction in peak intensities. This suggests that the excipients primarily function
as fillers, superdisintegrants, and lubricants, exerting minimal influence on the structure
of the resulting compounds.

2.2. X-ray Diffraction Analysis

Figure 2 displays the XRD patterns of all analysed compounds: active ingredients,
formulations with active ingredients (F1 and F2), and formulations with excipients (F3
and F4).
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Figure 2. XRD analysis of the individual components and formulations (without and with excipi-
ents): (a) quercetin, biotin, coenzyme Q10, F1, and F3; (b) resveratrol, biotin, coenzyme Q10, F2, and
F4, in the range of 20 = 5-60°.

The XRD spectra of bioactive compounds (quercetin, biotin, coenzyme Q10, resvera-
trol) showed numerous defined diffraction peaks within the range of 5° to 40°, proving
their crystalline structure [59]. The characteristic peaks of pure quercetin (Figure 2a) pre-
dominantly occur at 20 values ranging from 6.3° to 7.3°, 10.8°, 12.5°, 13.6° to 14.3°, 15.7° to
18.0°, 24.4°, and 27.3°. These peaks signify the crystalline portion of quercetin [60]. Biotin
(Figure 2—red line) exhibited nine characteristic crystal peaks at 20 values of 8.3°, 9.4°,
11.9°, 17.6°, 18.9°, 21.3°, 22.7°, 28.4°, and 34.3°, along with numerous smaller peaks be-
tween 30° and 60°. Consequently, the degree of crystallinity of biotin was notably high
[61]. Resveratrol exhibited a distinct crystal morphology at a diffraction angle of 20 (Fig-
ure 2b). Within the range of 10° to 30°, strong characteristic diffraction peaks were evident,
specifically at 13.41°, 16.54°, 19.36°, 22.54°, 23.75°, 25.39°, and 28.45°, underscoring its ele-
vated crystallinity [62]. The main diffraction peaks of coenzyme Q10 were detected at 20
=11.3,18.5,20.2, 22.7, and 23.3 (Figure 2) [54]. These findings align with existing literature,
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indicating a well-defined crystalline structure and organised atomic arrangement for the
active ingredients. However, analysis of the capsule formulations revealed a decrease in
peak height and number, with the main characteristic peaks disappearing, suggesting a
reduction in crystallinity compared to the pure ingredients. This reduction in crystallinity
implies interactions between the active ingredients and the excipients used in the cap-
sules, as anticipated. Importantly, these interactions did not adversely affect the active
ingredients. Moreover, the XRD results confirmed the reduction in the crystalline state of

the ingredients in the final formulation due to the processing method employed during
preparation.

2.3. Thermal Analysis

Figure 3 shows the thermal curves (TG/DTG) of all analysed compounds: active in-
gredients, formulations with active ingredients (F1 and F2), and formulations with excip-
ients (F3 and F4).
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Figure 3. Thermal curves of the individual components and formulations (without and with excip-
ients): (a) TG curves of active ingredients quercetin, biotin, coenzyme Q10, resveratrol; (b) F1
(TG/DTG—DTA); (c) F3 (TG/DTG—DTA); (d) DTG curves of active ingredients quercetin, biotin,
coenzyme Q10, resveratrol; (e) F2 (TG/DTG—DTA) and (f) F4 (TG/DTG—DTA); (Thermal condi-
tions: air atmosphere at a flow rate of 80 mL min™ with 10 °C/min heating rate).

The TG curves of active ingredients exhibit the following thermal behaviour: biotin
and coenzyme Q10 show only two major thermal events between 200 and 500 °C, being
thermally stable until 200 °C; quercetin and resveratrol show three thermal events: (i) the
mass loss can be ascribed to the loss of water; (ii) the last two thermal events are attributed
to the combustion of organic components from the samples which occurs from 200 to 250
°C and 250 to 500 °C for both compounds. The thermal behaviour of the F1 and F2 formu-
lations which incorporate only the active ingredients (quercetin, biotin, and coenzyme
Q10 for F1 and biotin, coenzyme Q10, and resveratrol for F2) shows mostly the same trend
of their thermal decomposition: (i) an initial mass loss until 140 °C for F1 and until 100 °C
for F2 due to the loss of volatile compounds (water, solvents); (ii) the second mass loss is
a complex one composed by two decompositions steps between 190 and 380 °C for F1 and
180 and 414 °C for F2, which can be ascribed to the combustion of organics. The thermal
decomposition events reported for the formulations with excipients (F3 and F4) resemble
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the thermal behaviour of the formulations which contain only the active compounds with
differences in the onset of thermal decomposition and the final residue. If the residue at
500 °C for F1 is 7.45% and for F2 is 9.8%, the corresponding formulations with excipients
show a final mass of 11.7% for F3 and 13% for F4, respectively. Taking into account that
the excipients are the same and in the same concentration, the different thermal behaviour
is due to the presence of quercetin in F3 and resveratrol in F4 [63,64]. The thermal charac-
teristics of the active ingredients and the F1, F2, F3, and F4 formulations and the decom-
position steps, respectively, are presented in Table 1.

Table 1. Thermal characteristics from TG/DTG curves of studied samples.

Compound 1st Step 2nd Step 3rd Step T °C/Residue
20-100 °C 220-395 °C o
Quercetin Tore=93.5 °C Tore=272.7 °C Ma::f;::g 2(2: 5o 500 °C/16.7%
Mass loss = 4.8% Mass loss = 39.2% e
T 200_"2,3(1) 5(5, c 350-480 °C
Biotin - TDTG B a6 oC Torc= 448 °C 500 °C/25%
DIG= .
loss = 32.89
Mass loss =42.2% Mass loss = 32.8%
240-350 °C 350-500 °C
Coenzyme Q10 - Torc=320.8 °C Torc= 388 °C 500 °C/7.97%
Mass loss = 65.8% Mass loss =26.23%
2 o [e]
20-100 °C T 05= zgg SCO C 350-500 °C
Resveratrol Tore="51.3 °C TDTG 306 °C Torc=490.8 °C 500 °C/8.5%
_ o DTG = . _ o
Mass loss = 4.7% Mass loss = 36.8% Mass loss = 50%
190-380 °C
Tore=300.2 °C 380-500 °C
20-140 °C Tora= 305 °C Torc=479.8 °C o o
Fl Mass loss = 6.8% Shoulder Torc=340.5 Tora=482.9 °C 500 °C/7.45%
°C Mass loss = 40.05%
Mass loss = 45.7%
180414 °C 414-500 °C
20-100 °C Torc=318 °C Torc= 488 °C o o
F2 Mass loss = 3.8% Tora= 334 °C Tora=494 °C 500 °C/9.8%
Mass loss = 57% Mass loss = 29.4%
20-140 °C 175-367 °C 367-500 °C
Torc=111 °C Torc=298 °C Torc= 485 °C R o
F3 Tora=118 °C Tora= 300 °C Tora=491 °C 500 °C/11.7%
Mass loss = 6.1% Mass loss = 40.4% Mass loss = 41.8%
T120—4§§2 OCC 400-500 °C
DTIG=
20-120 °C i ; Tore= 490 °C e
F4 Mass loss = 2.7% Tpre=319.5°C Tora=496.6 °C 500 °C/13%
Tora= 332 °C

Mass loss =51.1%

Mass loss = 33.2%

2.4. SEM Analysis

The pure individual active components, formulations with active ingredients, and
formulations with excipient SEM morphologies were observed in order to confirm the
morphological changes in final capsule formulations.

From Figure 4a, quercetin presents an SEM trip-like structure, characterised by a
smooth surface lacking distinct features [65]. The SEM image of biotin shows a needle-like
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crystal structure (Figure 4b). The SEM morphology of coenzyme Q10 (Figure 4c) was ob-
served as a plate shape and crystalline agglomerates [54]. Resveratrol generally has spher-
ical particles with relatively uniform sizes, and few particles are in an aggregated state
(Figure 4d) [62]. In contrast, the SEM images of F1 and F2 formulations (Figure 4e,f) reveal
the emergence of a novel structure. The complex appears as extremely fine and irregular
crystals, showcasing a noticeable reduction in particle size and a partial loss of crystalline
properties compared to the initial components. The SEM analysis confirmed the compo-
nents’ presence and yielded insights into particle shape and size. The captured SEM mi-
crographs of the F3 and F4 formulation (Figure 4g,h) demonstrate the inability to discern
the individual component structures, underscoring a robust interaction between active
components and excipients.

Figure 4. SEM micrographs of (a) quercetin; (b) biotin; (c) coenzyme Q10; (d) resveratrol; (e) F1; (f)
F2; (g) F3; (h) F4, at magnifications in the range of 500x and 2000x.

2.5. Preformulation and Formulation Studies of the Capsules

Figure 5 shows the histogram representing the particle size distribution for the active
ingredient’s mixtures and the powders for capsule filling. All determinations were per-
formed in triplicate. The results are expressed as mean + SD (standard deviation).

80 ,

70
6 I I mF1
S0 = F2
A0 . [ 4 = F3
30 i F4
20
10
0 [ ] | = = =

<80  80-125 125-160 160-250 250-600 600-800 >800

Residue (%)

v

Granulometric class (um)

Figure 5. The particle size distribution of the active ingredient’s mixtures (F1 and F2) and the pow-
ders for capsule filling (F3 and F4).
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There is a clear difference between the formulations. Firstly, among the active ingre-
dients’ mixtures, F1 has fine particles in the 125-600 pm range with the highest proportion
(57.16%) between 160 and 250 um; at the same time, the vast majority of F2 particles are
larger than 250 um with most in the 250-600 um interval. The smaller particles in F1,
which are found in the 125-160 um size range, obviously belong to quercetin, while
resveratrol is responsible for the coarser particles in F2. Secondly, there is a surprising
reduction in the particle size after incorporation of the excipients in both formulations.
The main characteristics of small particles in F1 and large particles in F2 remain, but a
broader particle size distribution was found for F3 and F4. F3 contains the largest amount
of particles (61.29%) in the narrow range of 160-250 pum, and most of the particles in F4
have sizes between 250 and 600 um. Both active ingredient mixtures have a high humidity
content of 5.32% in F1 and 6.88% in F2, which proves that resveratrol contributes an ex-
tensive moisture to the powders. After adding the excipients, the moisture content signif-
icantly decreases to 2.76% in F1 and 4.04% in F2.

According to Eur. Pharm. [66] criteria, the CI and HR values determined for F1 and
F2 are representative of materials with poor flowability, which are not appropriate for the
uniform filling of hard capsules. F2, with a CI of 38% and an HR of 1.6, showed lower flow
properties than F1 with better values for CI (24%) and HR (1.3), probably due to the pres-
ence of resveratrol in the formulation (Table 2). Both bulk density and tapped densities
are very different between the active ingredient mixtures, suggesting the significant im-
pact of quercetin and resveratrol on the volumetric characteristics of the powders.
Resveratrol is obviously decreasing the flowability and increasing the compactness be-
yond a reasonable level. By adding the excipients to the composition, only a slight reduc-
tion in bulk densities but a drastic decrease in tapped density was noticed. The influence
of the excipients is clear, in a positive sense, reducing the values of CI and HR to 19% and
1.2in F3 and 23% and 1.3 in F4, respectively, which proves that there were certain physical
interactions among the particles. F3 and F4 display significantly improved mechanical
properties compared to the initial materials, upgrading the flowability and compactness
attributes from very weak to moderate, which is suitable for the consistent filling of the
hard gelatin capsules. The difference between the two formulations remains, and F3 has
better volumetric properties than F4, so it can be expected to behave better during the
capsule-filling process.

Table 2. Volumetric properties of the materials.

Parameter * F1 F2 F3 F4
Bulk density (g/mL) 0.638 £ 0.35 0.357 £ 0.22 0.611 £ 0.08 0.330 + 0.51
Tapped density (g/mL)  0.845+0.24 0.577£0.17 0.758 +0.11 0.429 + 0.32
Carr Index (CI) (%) 24.497 38.128 19.393 23.076
Hausner’s ratio (HR) 1.324 1.617 1.24 1.30

* mean + SD.

F1 and F2 powders flowed uniformly only when the 15 mm nozzle was used at a
stirring speed of 15 rpm, confirming the poor flowability of active ingredients’ mixtures.
As already expected, F2 with a 1.838 g/s flow rate exhibited poor properties compared to
F1 with a flow rate of 2.118 g/s. Conversely, a noticeable rise in flow rate was noted once
the excipients were included, with values of 3.030 g/s for F3 and 2.673 g/s for F4 recorded
when passing the powders through the 15 mm nozzle without stirring. The proper choice
of excipients for both formulations resulted in compound powders with appropriate dy-
namic characteristics for the capsule-filling operation. Nevertheless, F4, which is based on
resveratrol, shows a lower flowability than F3, which was anticipated given the results of
the initial powders (Table 3).
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Table 3. Flowing parameters of the powders.

Parameter * F1 F2 F3 F4
Flow time (s) 23.6+1.39 27.2+2.72 16.5 +1.66 18.7+1.94
Angle of repose (0°) 41.34 +2.58 46.12 +£2.76 27.85+2.12 28.34 +1.97
Flow rate (g/s) 2.118 1.838 3.030 2.673

* mean + SD.

2.6. Antioxidant Properties of the Capsules” Content
2.6.1. DPPH Radical Scavenging Activity

The percentage of DPPH radical inhibition registered by the samples and the positive
control, vitamin C (4.93 mg/mL), are shown in Figure 6.

mF4 mF3 mAscorbic acid

40 min

35 min

30 min

5]
wn
2,
=

20 min

TIME (MINUTES)

15 min

10 min

5 min

>
>

0 10 20 30 40 50 60 70
% OF INHIBITION

Figure 6. The DPPH radical scavenging activities of the final formulations: 2.89 mg/mL for F3 (1.03
mg/mL of quercetin, 0.08 mg/mL of biotin, and 1.03 mg/mL of coenzyme Q10) and 3.39 mg/mL for
F4 (1.21 mg/mL of resveratrol, 0.09 mg/mL of biotin, and 1.21 mg/mL of coenzyme Q10) and 4.93
mg/mL of ascorbic acid. Results are indicated as mean + SD of data (n = 5).

Compared to the reference used, ascorbic acid, which has been shown to have potent
antioxidative properties, both studied formulations were found to be more active. Still, F3
turned out to be more efficient (62.3% after 40 min) than F4 (50.08% at 40 min). The results
show that quercetin has a stronger electron-donating ability than resveratrol, but the dif-
ference between F3 and F4 is not remarkable. Nevertheless, both formulations exhibit su-
perior antioxidant performance compared to vitamin C.
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2.6.2. ABTS Radical Scavenging Activity
Figure 7 presents the ABTS radical scavenging activity of the samples.

mF4 wmF3 mAscorbic acid

10 min

TIME (MINUTES)

5 min

% OF INHIBITION

Figure 7. The ABTS radical scavenging activity of the final formulations: 2.89 mg/mL for F3 (1.03 of
mg/mL quercetin, 0.08 mg/mL of biotin, and 1.03 mg/mL of coenzyme Q10) and 3.39 mg/mL for F4
(1.21 mg/mL of resveratrol, 0.09 mg/mL of biotin, and 1.21 mg/mL of coenzyme Q10) and 4.93
mg/mL of ascorbic acid. Results are indicated as mean + SD of data (n = 5).

The results for ABTS scavenging are similar to the previous analysis, with F3 showing
the highest antioxidant efficacy (48.62% after 10 min). However, the data demonstrate that
both samples are more effective in donating electrons than ascorbic acid 2.8 mM, which
was only 26.19% at 10 min.

2.6.3. FRAP Assay
Figure 8 presents the FRAP assay results (umol equivalent of Fe?* (FeSOs)/L) recorded
at 5 and 30 min.

30 min

5 min

Time (minutes)

v

0 500 1000 1500 2000 2500 3000
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® F4 u F3 B Ascorbic acid

Figure 8. The FRAP assay results of the final formulations: 2.89 mg/mL for F3 (1.03 mg/mL of quer-
cetin, 0.08 mg/mL of biotin, and 1.03 mg/mL of coenzyme Q10) and 3.39 mg/mL for F4 (1.21 mg/mL
of resveratrol, 0.09 mg/mL of biotin, and 1.21 mg/mL of coenzyme Q10) and 4.93 mg/mL of ascorbic
acid. Results are indicated as mean + SD of data (n=>5).
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Regarding the antioxidant capacity of the formulations, the results of the FRAP study
are in agreement with the outcomes of ABTS and DPPH analysis. F3 was shown to be the
most efficient antioxidant, followed by F4, which has a higher reducing activity than the
reference.

2.7. Final Capsules’ Qualitative Evaluation

Table 4 displays the results of the evaluation of the qualitative properties of the man-
ufactured capsules.

Table 4. Qualitative properties of the capsules.

Formulation Code
Parameters *

F3 F4
Mass uniformity (mg) 34718 £ 1.54 348.02 £2.61
In vitro disintegration time (s) 419+3.0 487 +£2.0

* mean + SD.

The two batches exhibit proper mass uniformity according to the enforced guide-
lines, with a minor variation between them (347.18 mg for F3 and 348.02 mg for F4). Both
formulations proved to be fast-disintegrating, with no significant difference amongst
them. Still, F3 disintegrated more rapidly in the aqueous medium (419 s) than F4 (487 s),
revealing the influence of quercetin and resveratrol on the disintegration performance of
the final product.

3. Discussion

The presence of larger particles in F2 and F4 compared to F1 and F3 is certainly due
to the inclusion of resveratrol in the formulations. Still, it can also be explained by the
higher amount of moisture found in F2 and F4. The humidity in powders increases the
cohesion between particles by forming liquid bonds [67], which leads to a growth in par-
ticle sizes due to the formation of agglomerates. Sun C.C. [68] discovered differences in
pharmacotechnical properties of microcrystalline cellulose in the moisture range of 3-5%
but decided that this range is optimal for suitable powder flowability. On the other hand,
Khan et al. [69] considered that humidity over 3% breaks the particle bonds in a compact
arrangement, as in capsule filling. Also, Koumbogle et al. [70] revealed that moisture evap-
orates from a compacted powder bed to the surrounding environment, proving the im-
portance of maintaining a low humidity content of the materials for solid-dosage prod-
ucts. The final formulations of the filling powders for capsules displayed an adequate wa-
ter content in comparison to the initial active ingredients’ mixtures conforming to the
proper selection of the excipients.

The active ingredients have a major impact on the volumetric properties of the mate-
rials, but the addition of excipients led to a noticeable improvement in the CI and HR
parameters. According to Chaerunisa et al. [71], microcrystalline cellulose has a porous
structure, which accounts for its relatively low bulk density. As a result, F3 and F4 exhib-
ited reduced bulk and tapped densities compared to F1 and F2. When quercetin is incor-
porated into the mixture (F1), both bulk densities increase. Still, the values of CI and HR
do not exhibit adequate flow or compression properties, which can be explained by the
small size of the particles. Janssen et al. [72] stated that small particles have poor flowabil-
ity because they normally move slowly. Instead, CI and HR decrease remarkably after the
addition of excipients, and F3 has the proper characteristics for encapsulation powders.
Although F2 has much larger particles, its density is considerably lower than that of F1,
and CI and HR values are superior. This behaviour is justified by the higher moisture
content of the samples, which is due to the influence of resveratrol. Even though the ex-
cipients used significantly reduced the humidity amount, the volumetric properties for F4
revealed weaker mechanical attributes compared to F3. The results are in agreement with
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Zhenfeng et al.’s findings [73], which demonstrated that the relative humidity of the pow-
ders strongly affects the flowability and filling performance of the materials. Resveratrol
appears to noticeably reduce the flowability of the materials; even if its particles are larger
than those of quercetin, its high moisture content basically enhances the cohesiveness of
the powders by creating liquid bonds between particles. The selected excipients notably
optimise the mechanical properties of the two active ingredient mixtures, proving an ef-
fective formulation of the capsule contents through an accurate selection of the types and
quantities of excipients. The filler, lubricant, and even superdisintegrant excipients signif-
icantly enhanced the poor flowability of the active ingredients” mixtures. Sodium starch
glycolate was previously reported to possess good flowing qualities [74]. The present re-
sults confirm the numerous reports [75-79] on the ability of microcrystalline cellulose to
improve the powders’ flowability. To produce appropriate and uniform capsules, itis cru-
cial to optimise the flow ability of the active components throughout the filling process.
Stranzinger et al. [80] evidenced that weight fluctuation, fill weight, and layer uniformity
are highly dependent on the mechanical properties of the powder. The current investiga-
tion showed that F1 and F2 had poor flowability, which was difficult to remedy given the
high concentrations of active ingredients in the formulations. This prevented the use of
large amounts of excipients as patients would not accept larger capsules. It was a chal-
lenge to solve this constraint by utilizing only small amounts of a limited number of ex-
cipients, making the excipient selection process a crucial step of the formulation.

The observed superior antioxidant activity of the studied formulations, F3 and F4,
compared to the reference ascorbic acid (vitamin C), underscores the potential efficacy of
the novel antioxidant blends in combating oxidative stress [81]. The findings suggest that
the combined action of quercetin, biotin, coenzyme Q10, and resveratrol within the for-
mulations contributes to their enhanced antioxidant performance, surpassing that of in-
dividual antioxidants such as vitamin C. The synergistic effect observed in F3 and F4 for-
mulations surpasses the antioxidant performance of individual components, enhancing
their overall antioxidant capacity.

Quercetin, biotin, coenzyme Q10, and resveratrol each possess distinct antioxidant
mechanisms and molecular targets within the cellular antioxidant defence system. Quer-
cetin, a flavonoid abundant in fruits and vegetables, is known for its potent antioxidant
properties, attributed to its ability to donate electrons and scavenge free. Numerous stud-
ies have highlighted quercetin’s role in protecting against oxidative stress-induced dam-
age and its potential therapeutic benefits in neurodegenerative disease radicals [82]. Sim-
ilarly, biotin, an essential B vitamin, has been shown to enhance antioxidant defences and
promote mitochondrial function, thereby mitigating oxidative damage [83]. Coenzyme
Q10, a key component of the electron transport chain, acts as a potent lipid-soluble anti-
oxidant, protecting cell membranes from oxidative damage and supporting cellular en-
ergy production [84,85]. Resveratrol, found in red grapes and berries, possesses antioxi-
dant, anti-inflammatory, and neuroprotective properties, attributed to its activation of
sirtuins and modulation of oxidative stress response pathways [86]. Individually, these
antioxidants have demonstrated significant antioxidant activity in various studies [87,88].
The observed differences in antioxidant performance between F3 and F4 may be attributed
to variations in the concentrations of individual ingredients or their interactions within
the formulations. The superior antioxidant activity of F3 and F4, as demonstrated by
ABTS, DPPH, and FRAP assays, highlights their potential as effective interventions
against oxidative stress-related conditions. The results support the rationale for combin-
ing multiple antioxidants with complementary mechanisms of action to achieve optimal
antioxidant effects. For example, quercetin may enhance the bioavailability and cellular
uptake of coenzyme Q10, thereby augmenting mitochondrial antioxidant capacity [89].
Similarly, resveratrol may potentiate the antioxidant activity of biotin by modulating in-
tracellular signaling pathways involved in oxidative stress response [90]. Our study aligns
with previous research indicating that combinations of natural antioxidants can exhibit
synergistic effects, resulting in enhanced antioxidant activity compared to individual
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compounds. For example, studies have demonstrated synergism between quercetin and
resveratrol in scavenging free radicals and protecting against oxidative stress-induced cel-
lular damage [91-93]. Similarly, the combination of coenzyme Q10 and resveratrol has
been shown to exert synergistic effects in improving mitochondrial function and reducing
oxidative stress in animal models [94,95]. These findings support the notion that the com-
bined action of quercetin, biotin, coenzyme Q10, and resveratrol in F3 and F4 formulations
may contribute to their superior antioxidant performance.

Our discussion of the potential mechanisms underlying the synergistic antioxidant
effects of F3 and F4 formulations is supported by existing literature on the individual bi-
oactive compounds. For instance, quercetin has been shown to enhance the expression
and activity of antioxidant enzymes such as superoxide dismutase (SOD) and catalase
(CAT) through activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway [96]. Biotin, in turn, has been reported to enhance mitochondrial function and
reduce oxidative stress by promoting the activity of biotin-dependent carboxylases in-
volved in energy metabolism [97]. Coenzyme Q10, as a crucial component of the mito-
chondrial electron transport chain, plays a central role in cellular energy production and
antioxidant defence [98]. Resveratrol, on the other hand, exerts antioxidant effects through
multiple mechanisms, including activation of sirtuin proteins, inhibition of pro-inflamma-
tory signaling pathways, and modulation of oxidative stress-responsive genes [99]. By in-
tegrating these mechanistic insights, the present study provides a comprehensive under-
standing of how the combined action of quercetin, biotin, coenzyme Q10, and resveratrol
within F3 and F4 formulations may confer robust antioxidant protection against oxidative
stress. Existing clinical studies have provided evidence supporting the beneficial effects
of individual antioxidants such as coenzyme Q10 and resveratrol in improving markers
of oxidative stress and neurodegeneration in patients with Parkinson’s disease and Alz-
heimer’s disease [100-102].

The correlation between mass variations and mechanical attributes of powders has
been demonstrated in several studies. Cronin et al. [103] demonstrated the relationship
between powder size dispersion, materials density, and mass uniformity. Rowe et al. [104]
also found that the main physical cause of the weight variability is the flowability of the
powders, which is influenced by the involvement of the multiple cohesive forces between
particles. The results on the mass uniformity of the capsules proved the appropriate phar-
macotechnical properties of the filling materials with adequate flowability and compress-
ibility as shown in the formulation studies.

There was a slight variation between the formulations in terms of the disintegration
properties. The appropriate choice of excipients in the formulations is validated by the
proper disintegration times exhibited by both batches in compliance with European Phar-
macopoeia criteria. However, the amount of the superdisintegrant utilised in both formu-
lations, sodium starch glycolate, is the same, suggesting that it is not the only agent that
promotes the disintegration of the particles [105,106]. In addition, the contents of the ex-
cipients are the same, indicating that the active components significantly affect the disin-
tegration performance. It is confirmed that the quercetin included in the F3 blend offers
superior disintegration capacity compared to the resveratrol contained by F4.

In light of the encouraging results obtained from our in vitro antioxidant assays, we
are motivated to explore the antioxidant efficacy of the studied mixtures in biological sys-
tems. Specifically, we plan to conduct cell-line-based assays to validate and further eluci-
date the observed antioxidant activity. By investigating the performance of our mixtures
in more physiologically relevant contexts, we aim to provide a comprehensive under-
standing of their potential applications in combating oxidative stress-related conditions.
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4. Materials and Methods
4.1. Materials

Quercetin and resveratrol (Shanghai Zhongxin Yuxiang Chemical Co., Ltd., Shang-
hai, China), biotin (Zheijiang Shengda Bio-Pharm Co., Ltd., Taizhou, China), and coen-
zyme Q10 (Changsha Phyto Nutrition Inc., Changsha, China) were purchased from
Fagron Hellas, Trikala, Greece. All compounds were used as received. Avicel PH 102 was
provided by DuPont™ Nutrition and Health, Newark, DE, USA, EXPLOTAB® by JRS
PHARMA GmbH & Co. KG, Rosenberg, Germany, and LIGAMED® MF-2-V by Peter
Graven NV, Venlo, Limburg, The Netherlands. ABTS (2,2'-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid), DPPH (2,2-Diphenyl-1-picrylhydrazyl), and TPTZ (2,4,6-tri(2-
pyridyl)-1,3,5-triazine) were provided by Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany.

4.2. Methods
4.2.1. Methods of Physical-Chemical Analysis

The Fourier Transform Infrared Spectra (FTIR) were recorded in the 4000-400 cm™
domain using a Nicolet 6700 instrument (Thermo Electron Corporation, Waltham, MA,
USA), in KBr pellets, in transmittance mode with a sensitivity of 4 cm™. X-ray diffraction
analysis was carried out using a PANalytical Empyrean diffractometer (Thermo Fisher,
Waltham, MA, USA), at room temperature, using a Cu X-ray tube (A Cu Kal = 1.541874
A), in the range of 20-80° at a 0.02° scan step in a Bragg-Brentano geometry. Thermal
analysis (TG/DTG) was accomplished with a Mettler Toledo TGA/SDTA851e instrument
(Mettler-Toledo GmbH, Greifensee, Switzerland). The experiments were recorded in air
atmosphere at a flow rate of 80 mL min~! with 10 °C/min heating rate. The SEM images
were recorded using scanning electron microscopy (SEM) (Thermo Fisher Scientific,
GmbH, Dreieich, Germany) with a Quanta 3D field emission in high vacuum mode, at a
2 kV accelerating voltage.

4.2.2. Preformulation Analysis

It is essential to determine the pharmacotechnical attributes of the active ingredient
mixtures in order to produce acceptable capsule formulations. The precise selection of the
required types and quantities of excipients will be aided by knowledge of these properties.
Two mixtures of active ingredients were proposed and studied: F1, which contains quer-
cetin: biotin: coenzyme Q10 in a mass ratio of 25:1:25, and F2, which includes resveratrol:
biotin: coenzyme Q10 in the same mass ratio of 25:1:25.

Particle size distribution (PSD) was assessed using a CISA Sieve Shaker Mod. RP 10
manufactured by CisaCedaceria Industrial, Barcelona, Spain, using 45 g of each formula-
tion. The samples were positioned on the sieves, which are stacked progressively from top
to bottom with a mesh of progressively smaller sizes. The materials that remained on each
sieve after the setting was shaken for 20 min were collected and weighed.

Flowability: In order to measure the angle of repose, and the time and rate of flowing,
50 g samples of each formulation were passed through an orifice with a predetermined
diameter. Pharma Test Apparatebau GmbH, Hainburg, Germany’s Automated Powder
and Granulate Testing System PTG-53, was used for the analysis.

Compactness was determined using a Vankel Tap Density Tester, produced by Vankel
Industries Inc., Cary, NC, USA. The bulk and tapped densities, the Hausner ratio (HR),
and the Carr Index (CI) were all calculated. The bulk volume is the volume occupied by
50 g of each powder. The materials were then mechanically tapped a specified number of
times before the tapped volume was measured. Equation (1) for determining CI and the
ratio of tapped density to bulk density, or HR, is used for the evaluation of powders’ com-
pressibility behaviour [107]:
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(ptapped - pbulk)

CI(%) = 100 x 1)

ptapped
where Qtapped is the tapped density (kg/m?), and gbu is the bulk density (kg/m?3).
An HR value of less than 1.25 points out that the powder has a free flow, and a CI
value below 10 indicates that the powder has excellent flowability and compactness.
Moisture content was measured as the loss on drying using the thermogravimetric
method and a Mettler-Toledo GmbH HR 73 halogen humidity analyser at Greifensee,
Switzerland [108].

4.2.3. Formulation and Preparation of the Filling Powders for Capsules

The selection of the appropriate amounts and types of excipients becomes a crucial
phase in the formulation process when taking into account the outcomes of the preformu-
lation tests and the maximum mass permitted for the final capsules. The biopharmaceuti-
cal performance of the product will be imprinted by its processibility and quality, both of
which depend critically on the formulation of the capsules’ contents. Maintaining a man-
ageable moderate mass was another crucial consideration because the goal was to produce
capsules that could be easily swallowed and accepted by patients. The amount per dosage
unit was decided based on the efficacy of the active ingredients that already have been
demonstrated and published [109]. The studied formulations are shown in Table 5.

Table 5. The capsules’ content compositions.

Ingredients Quantity (mg)/Capsule Role in Formulation
F3 F4
Quercetin 125 - Active ingredient
Biotin 10 10 Active ingredient
Coenzyme Q10 125 125 Active ingredient
Resveratrol - 125 Active ingredient
Avicel PH 102 —Microcrystalline cellulose 79.5 79.5 Filler
Explotab®-Sodium starch glycolate 7 7 Superdisintegrant
Ligamed® MF-2-V —Magnesium stearate 3.5 3.5 Lubricant
Total 350 350

The preformulation studies revealed the poor flowability of the active ingredient mix-
tures; thus, a filler with great rheological characteristics was required. The microcrystal-
line cellulose PH 102 was discovered to be the best choice for this. The sodium starch gly-
colate’s function is to provide a shorter disintegration, but it also has excellent flowing
properties. Due to its large specific surface area, which would improve the powder flow-
ability, Ligamed® MF-2-V was selected as the lubricant. All ingredients were passed
through a 20-mesh, weighed, and combined in a CMP 12 Plexiglas cube mixer made by
Pharmag GmbH in Kliphausen, Germany, and then mixed at 35 rpm for 20 min at room
temperature.

4.2.4. Capsules” Content Evaluation

Using the same techniques as previously, the resulting materials” pharmacotechnical
properties were tested, including their fineness, humidity content, flow, and compactness
features. Also, their antioxidant activity was determined. Numerous investigations on the
antioxidant qualities of the substances chosen for the study are presented in the literature,
but none of them was performed on the final mixtures, which also contain excipients. To
determine whether the antioxidant ability is maintained in the suggested combinations, it
was decided to conduct these analyses on the filling complex powders for the capsules.
Three techniques (ABTS, DPPH, and FRAP) were utilised to measure the antioxidant ac-
tivity, and the findings were compared to acid ascorbic, which was employed as a positive
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control [59,107]. The decision to use a higher concentration of ascorbic acid (2.8 mM/4.93
mg/mL) in our experiments was thoughtfully analysed. Ascorbic acid is a potent antioxi-
dant with well-established radical scavenging capabilities. As previous research [107] has
shown varying concentrations of ascorbic acid to be effective, ranging from 87.5 uM to 2.8
mM, we aimed to explore the dose-response relationship and evaluate the antioxidant
activity of our mixtures across a higher concentration of ascorbic acid. By employing this
concentration, we sought to discern whether our formulations could surpass the antioxi-
dative potential of ascorbic acid, providing valuable insights into their utility in practical
applications requiring robust antioxidant activity. The results regarding the antioxidant
activity are expressed as the mean + standard error of the mean (n = 5). The presentation
of results utilised arithmetic means and standard deviations to describe central tendency
and variability, respectively, using the Excel program—Version 2404. Error bars were
added to graphical representations of the data to depict the variability associated with
each data point visually. Error bars were calculated based on either standard deviation or
standard error, as appropriate for each dataset.

ABTS radical scavenging activity

A method that has been previously described was used to evaluate the total antioxi-
dant capacity [110]. The interaction between ABTS and potassium persulfate took place
for 12 h at room temperature and in complete darkness to produce the cationic radical
ABTSe**. At 734 nm, the reagent’s absorbance was 0.70 + 0.02. Following the addition of the
material, the decrease in absorbance was observed for 1 min at 734 nm, and the values
were calculated using a Trolox-created calibration curve. The results were presented as
mmol Trolox equivalents/mg formulation.

DPPH radical scavenging activity

The Margina et al. [111] approach was used to carry it out. Every five minutes, for 40
min, the absorbances of the samples and DPPH solution were measured at 505 nm. After
40 min, the findings are shown as a percentage of the optical density’s decrease from the
starting point.

Radical scavenging activity (RSA%), a measure of the DPPH scavenging action, was
computed using Equation (2):

(Abs0 - Absp)
RSAY% = —-——"=
% Abs,

X 100 )
where Abso is the absorbance of DPPH solution (reference) at to (initial optical density);
Absp is the absorbance of the samples measured at different periods of times ¢ (sample
optical density).

FRAP assay

The Nair et al. [112] method was used to determine the FRAP assay. At 5 and 30 min
following preparation, the samples that had been combined with FRAP solution had their
absorbances measured at 593 nm. Fe? calibration curves in methanol were used to calcu-
late the FRAP values (umol equivalent of Fe? (FeSOa)/L).

4.2.5. Final Capsules’ Manufacturing and Assessment

Since each hard gelatin “1” size capsule can store around 400 mg of powder, white-
coloured hard gelatin capsules were employed as the product’s shells. Using a
FagronLabTM FG1 semi-automatic encapsulation apparatus made by Gako Konietzko
GmbH in Bamberg, Germany, they were filled with content. Specific quality control pro-
cedures were used for the finished two-piece capsules.

Mass uniformity

It was assessed in accordance with the European Pharmacopoeia [66] guidelines by
weighing 10 filled capsules of each formulation separately and then just the empty shells.
The mean value of the filling mass that contains the active substances is used to calculate
and express the mass difference.

In vitro disintegration time
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It was carried out using the Erweka DT 3 apparatus, manufactured by Erweka®
GmbH, Langen, Germany, following compendial requirements [66,113]. Six tablets of
each formulation were tested in distilled water at 37 + 0.5 °C. The time needed for complete
disintegration, leaving nothing on the screen, but a few fragments of the capsule’s shell,
was recorded.

5. Conclusions

In conclusion, our study demonstrates the superior antioxidant activity of novel for-
mulations F3 and F4 compared to the reference antioxidant, ascorbic acid (vitamin C). The
observed efficacy of F3 and F4 formulations in combating oxidative stress underscores
their potential as therapeutic agents for mitigating oxidative damage and associated pa-
thologies. The combined action of quercetin, biotin, coenzyme Q10, and resveratrol within
F3 and F4 formulations contributes to their enhanced antioxidant performance, surpas-
sing that of individual antioxidants such as vitamin C. This synergistic effect is supported
by mechanistic insights into the diverse antioxidant mechanisms and molecular targets of
the bioactive compounds. Our findings have significant implications for the development
of antioxidant-based therapies targeting oxidative stress-related disorders. By harnessing
the synergistic interactions among quercetin, biotin, coenzyme Q10, and resveratrol, F3
and F4 formulations offer a multifaceted approach to bolstering the body’s antioxidant
defence system and mitigating the detrimental effects of oxidative stress on cellular func-
tion and health. Future studies should focus on elucidating the underlying mechanisms
of action, optimizing formulation compositions, and evaluating the long-term safety and
efficacy of F3 and F4 formulations in preclinical and clinical settings. Comparative studies
with existing antioxidant therapies will further validate the superiority of F3 and F4 for-
mulations and guide their translation into clinical practice. Overall, our findings contrib-
ute to advancing the field of antioxidant research and provide a basis for the development
of novel therapeutic interventions aimed at combating oxidative stress and improving
health outcomes in patients at risk of neurodegenerative diseases and other oxidative
stress-related disorders.
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