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Abstract

Broccoli microgreens, rich in bioactive compounds, offer health benefits aligned with SDG
3: “Good Health and Well-Being.” Their antioxidants combat oxidative stress tied to
chronic diseases, but drying can affect their activity. This study assessed the antioxidant
capacities of fresh, microwave-dried, and air-fryer-dried broccoli microgreens using in
vitro (DPPH assay) and in silico (molecular docking and dynamics) methods. The
microgreens were cultivated under controlled conditions and dried using microwave and
air-fryer techniques. Antioxidant activity was evaluated using the DPPH assay using
ethanolic extracts. The bioactive compounds of fresh microgreens, detected through GC-
MS, were analyzed in silico to evaluate their interactions with the target proteins CYP2C9
and NOX2. The findings revealed that air-fryer-dried microgreens demonstrated the
highest DPPH activity, followed by fresh microgreens, while microwave-dried samples
exhibited the lowest activity. GC-MS analysis of fresh samples revealed the presence of
various compounds, including acids, ketones, sulfides, heterocycles, alcohols, esters,
aromatic compounds, phthalate ester, and aldehydes. Molecular docking revealed strong
interactions of certain compounds in fresh samples and CYP2C9 and NOX2, suggesting
therapeutic potential against oxidative stress. Molecular dynamics simulations (MDS)
showed stable binding for the CYP2C9-Methyl myristate complex, while the NOX-(2)-1,2-
Diphenylethene complex displayed weaker stability. In conclusion, broccoli microgreens
show potential in mitigating oxidative stress, with air-fryer drying slightly enhancing their
antioxidant activity. The antioxidant capacity of fresh microgreens is comparable to that
of air-fryer-dried microgreens. In silico analyses demonstrate stable interactions between
compounds in fresh microgreens and key proteins implicated in oxidative stress.
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1. Introduction

In recent years, there has been a growing interest in
investigating the potential health benefits of natural
compounds derived from various plant sources due to
their potential therapeutic applications and minimal side
effects compared to synthetic drugs [1, 2]. Among these,
broccoli (Brassica oleracea) microgreens have attracted
significant attention due to their exceptional nutritional
value and potential health-promoting properties [3, 4].
These microgreens, categorized as functional foods, are
rich in bioactive components such as glucosinolates,
phenolic compounds, vitamins, and essential minerals [3,
5]. Numerous in vitro and in vivo studies have highlighted
their  biological activities, including antioxidant,
anticancer, antimicrobial, anti-inflammatory, anti-
obesity, and antidiabetic effects [6, 7]. For instance,
broccoli microgreens have demonstrated bio-accessible
fractions capable of inhibiting colon cancer cell growth by
influencing cellular redox balance, leading to apoptosis
via mitochondrial changes and cell cycle arrest [8]. These
findings underscore the promising therapeutic potential
of broccoli microgreens as a natural intervention for
various chronic diseases.

Antioxidants are pivotal in safeguarding cells from
oxidative stress, critical in the onset and progression of
chronic diseases such as cancer, cardiovascular
disorders, and neurodegenerative conditions [9, 10].
Oxidative stress arises from an imbalance between
reactive oxygen species (ROS) and the body's antioxidant
defense mechanisms [11]. In cancer, oxidative stress
contributes to DNA damage, inflammation, metastasis,
and immune dysfunction and disrupts antioxidants [12].
Addressing these challenges has prompted ongoing
research into natural antioxidants, particularly those
derived from plants, due to their therapeutic efficacy and
favorable safety profiles [13, 14]. Broccoli microgreens,
with their rich bioactive composition, hold the potential
as a natural source of antioxidants to mitigate oxidative
stress-related conditions effectively.

Post-harvest handling of broccoli microgreens poses
challenges as these nutrient-dense plants are prone to
rapid deterioration, resulting in significant nutrient loss.
Drying methods often enhance shelf life and retain
essential bioactive compounds, particularly antioxidants.
However, the drying process can impact the stability of
these compounds. Bioactive elements such as vitamin C,
polyphenols, flavonoids, glycosides, and volatile
compounds are highly susceptible to degradation
through oxidation, especially at elevated temperatures.
Conversely, higher drying temperatures can reduce
drying times, minimizing compound loss [15]. For
example, high-temperature drying has been shown to

produce darker products, likely due to the formation of
phenolic degradation by-products [16]. This underscores
the need for optimized drying techniques that balance
nutrient preservation with practical shelf-life extension.

Despite advances in understanding the impact of drying
methods on bioactive compounds, gaps remain in
identifying the most effective techniques for preserving
antioxidants in broccoli microgreens. This study aimed to
evaluate the antioxidant capacities of fresh broccoli
microgreens and those subjected to microwave-drying
and air-frying techniques using both in vitro and in silico
methods. By integrating these approaches, the study
sought to provide comprehensive insights into the
potential of broccoli microgreens as functional foods for
addressing oxidative stress-related conditions.

2. Materials and Methods
2.1. Seedling and Cultivation of Broccoli Microgreens

The cultivation of broccoli microgreens (Brassica
oleracea) followed a standardized protocol [17]. Seeds
were soaked in deionized water for 3 hours to enhance
germination rates, improve moisture absorption, and
reduce germination time. After soaking, seeds were
evenly spread on seedling trays lined with plastic mesh to
prevent them from slipping through the tray. The trays
were kept in a dark environment for three days to
promote germination. Afterward, the sprouts were
transferred to artificial LED lighting (intensity ~7000 lux)
and grown as microgreens under controlled conditions.
Humidity levels were maintained at 52-60%, and
temperatures were regulated between 26-26.5°C. The
microgreens were harvested after 12 days of growth.

2.2. Drying Treatment

After harvesting, the microgreens were subjected to two
drying methods: microwave drying and air-fryer drying.
For microwave drying, the microgreens were placed in a
microwave and processed for 3 minutes until fully
dehydrated. In the air-fryer drying method, the
microgreens were exposed to a temperature of 160°C for
10 minutes until complete dryness was achieved [17].

2.3. Extraction of Bioactive Compounds

Ethanolic extracts were prepared from 10 grams of fresh,
microwave-dried, and air-fryer-dried microgreens. Each
sample was combined with 100 mL of ethanol in separate
flasks. The flasks were sealed and subjected to
mechanical shaking at room temperature for 24 hours to
facilitate compound extraction. Following this, the
mixtures were filtered to separate the crude extracts,
which were then concentrated using a rotary evaporator
under reduced pressure and controlled temperature. The
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concentrated extracts were stored at 4°C for subsequent
analyses.

2.4. In Vitro Antioxidant Analysis

The antioxidant activity of the microgreens was assessed
using the DPPH assay. A 0.1 mM DPPH solution was
prepared in ethanol. For the assay, 100 pL of each extract
(at concentrations of 25, 50, 100, 200, and 400 pg/mL)
was mixed with 2 mL of the DPPH solution. The mixture
was incubated in the dark at room temperature for 30
minutes, and the absorbance was measured at 517 nm
using a UV-Vis spectrophotometer. A solvent control
(without extract) was included. A decrease in absorbance
indicated an increased scavenging of DPPH radicals by
antioxidants present in the extract. The percentage
inhibition of DPPH radicals was calculated using Equation
1

Ac _As

%Inhibition = [ ] X 100 (Y]

c

where A, is the absorbance of the control, and A is the
absorbance of the sample.

The ICso values, representing the concentration required
to inhibit 50% of DPPH radicals, were calculated by
plotting the percentage inhibition against the extract
concentrations. As reported in previous studies, a lower
ICso value denotes higher antioxidant activity [18, 19]. All
experiments were performed in triplicate to ensure
reproducibility. Experiments were conducted in triplicate,
and data were analyzed using one-way ANOVA with post-
hoc tests. A p-value of <0.05 was considered statistically
significant.

2.5. GC-MS Analysis of Chemical Composition in
Microgreens Extract

The chemical composition of the microgreens' ethanolic
extract was analyzed using gas chromatography-mass
spectrometry (GC-MS). The analysis was conducted with
a Thermo Scientific TRACE™ 1310 gas chromatograph
coupled to a Thermo Scientific ISQ LT Single Quadrupole
mass spectrometer, following an established protocol [20].

2.6. Molecular Docking Analysis

The chemicals identified through GC-MS analysis were
used as ligands for molecular docking in this study. The
docking simulations targeted Cytochrome P450 CYP2C9
and NADPH oxidase (NOX2) proteins, to identify
compounds capable of inhibiting their activity or
scavenging reactive oxygen species (ROS). The protein
structures for CYP2C9 (PDB ID: 10G5) and NOX2 (PDB ID:
7U8G) were retrieved from the Protein Data Bank.
Molecular docking simulations were conducted using the

Gnina software [21], accessed via its repository
(https://github.com/gnina/gnina), and executed on
Google Colab using validated command templates [22].

2.7. Molecular Dynamics Simulations

Molecular Dynamics (MD) simulations were performed
using GROMACS version 2021.2, following established
methodologies [23, 24], to evaluate the computational
stability of protein-ligand complexes involving CYP2C9
with  methyl myristate and NOX2 with (2)-1,2-
diphenylethene. Input files for the simulations were
generated via the CHARMM-GUI server, with
parameterization based on the AMBER99SB force field.
Simulations were carried out for 200 nanoseconds,
producing 2,000 frames. Key simulation parameters
included the use of the "md" integrator with a time step
of 0.002 ps and a total of 100,000,000 steps. Energy and
trajectory data were saved every 50,000 steps, while
energy and log files were recorded at intervals of 100 and
1,000 steps, respectively.

The Verlet cut-off scheme was applied with a cut-off
distance of 0.9 nm for van der Waals interactions and
short-range electrostatics. No alterations were made to
the van der Waals cut-off, and dispersion corrections
were implemented for energy and pressure adjustments.
Long-range electrostatic interactions were computed
using the Particle Mesh Ewald (PME) method.
Temperature coupling was achieved via the Nose-Hoover
thermostat with a coupling time of 1.0 ps and a reference
temperature of 303.15 K. Pressure coupling was
performed isotropically using the Parrinello-Rahman
algorithm [25, 26] with a coupling time of 5.0 ps, a
compressibility of 4.5 x 10~ bar”, and a reference
pressure of 1.0 bar. The LINCS algorithm was used to
constrain hydrogen bonds. Visualization and graphical
analysis of MD simulation data were conducted using
QtGrace version 0.2.0, while MD animation videos were
created using UCSF Chimera version 1.15.

3. Results and Discussion
3.1. In Vitro Antioxidant

The DPPH activity of microgreens under different drying
treatments, compared to fresh samples, is shown in
Figure 1. This activity was evaluated across three sample
treatments:  fresh, air-fried, and  microwaved
preparations. Higher scavenging activity percentages
indicate greater antioxidant potency [18]. Statistical
analysis using one-way ANOVA followed by Tukey's post-
hoc test revealed significant differences among the
treatments (p < 0.05). The microwaved samples exhibited
significantly lower DPPH scavenging activity compared to
both fresh (p = 0.001) and air-fried samples (p < 0.001).
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Figure 1. The percentage of scavenging activity on the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was evaluated for ethanol extracts
obtained from fresh, air-fried, and microwaved broccoli microgreens.

Notably, no significant difference was observed between
the fresh and air-fried samples (p = 0.647), suggesting
that air-frying treatment maintained an antioxidant
capacity comparable to that of fresh samples. These
findings indicate that while air-frying preserves the
antioxidant properties, microwave treatment may
significantly compromise the DPPH radical scavenging
capacity of the samples. The concentration-dependent
increase in DPPH scavenging activity was observed across
all treatments, with the fresh and air-fried samples
consistently demonstrated higher scavenging activity
than their microwaved counterparts throughout the
concentration range of 20-100 ppm.

Thermal processing methods have been widely studied
for their effects on the antioxidant properties of Brassica
vegetables. Among these, air-frying has consistently
emerged as a promising technique for preserving or
enhancing antioxidants. For example, air-frying at 160°C
for 10 minutes significantly increased the levels of
phenolic compounds and flavonoids in kale and broccoli
sprouts, thereby improving their antioxidant potential
[27]. Similarly, other studies have demonstrated that air-
frying not only enhances phenolic content in kale and
carrots but also reduces antinutritional factors such as
oxalates [28]. Furthermore, air-frying has been
highlighted as a sustainable pre-treatment method for
seed roasting, effectively increasing the antioxidant
activity of canola meal by generating sinapic acid
derivatives [29]. This method is particularly advantageous
when performed at higher temperatures (>140°C) for
shorter durations with continuous hot air circulation, as
it preserves nutrients and phenolic compounds while
minimizing nutrient loss through leaching [30].

In contrast, the relatively lower percentage of DPPH
scavenging activity observed in the microwave-dried
sample suggests that this drying method may
substantially reduce the antioxidant activity of broccoli
microgreens. While microwave cooking has been shown
to enhance the antioxidant properties of carrots, its
effects on Brassica vegetables appear less favorable
compared to air-frying [28]. This discrepancy
underscores the importance of selecting appropriate
thermal processing methods to optimize the retention of
antioxidants and other bioactive compounds in
vegetables.

3.2. Chemical Constituents of Ethanolic Extract of Fresh
Broccoli Microgreens Analyzed through GC-MS

The gas chromatograms of the ethanolic extract from
fresh broccoli microgreens, as shown in Figure 2,
revealed the presence of several notable compounds
with distinct retention times. GC-MS analysis identified a
total of 11 compounds, as detailed in Table 1. The
analysis highlighted the compositional diversity of the
sample, with 2,5-cyclohexadiene-1,4-dione emerging as
the  predominant compound, accounting for
approximately 47.22% of the total retention area. Other
significant compounds included 5-Hexyn-1-ol (7.66%),
Pivalic acid (7.28%), and Acetic acid, decyl ester (6.08%).
Compounds present in smaller proportions, each
contributing less than 5% of the total retention area,
included Acetic acid (3.10%), dimethyl trisulfide, Benzene,
1,1'-(1,2-ethenediyl)bis-, (2)-, and Myristic acid, methyl
ester, which were notable for their distinct profiles.
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Figure 2. GC-MS chromatogram of the ethanolic extract of fresh broccoli microgreens, illustrating the presence of multiple compounds
with distinct retention times.

Table 1. Compounds identified in the ethanolic extract of fresh broccoli microgreens through GC-MS analysis.

Retention Time (min)

Retention Area (%)

Compound IUPAC Name

Compound Group

1.762

3.10

Acetic Acid

Acids

2.535 47.22 2,5-cyclohexadiene-1,4-dione Ketones

4.835 7.28 Pivalic acid Acids

5.192 4.96 Trisulfide, dimethyl Sulfides

5.394 2.28 Thiazole, 2,4-dimethyl- Heterocycles

7.636 7.66 5-Hexyn-1-ol Alcohols

13.047 6.08 Acetic acid, decyl ester Esters

13. 596 5.85 Benzene, 1, 1'«(1, 2-ethenediyl)bis-, (Z)- Aromatic compounds
15.564 3.51 Naphthalene, 2-(1-methylethyl)- Aromatic compounds
17.38 5.06 Myristic acid, methyl ester Esters

17.828 4.89 Dibutyl phthalate Phthalate ester

19.38 2.11 Nonanal Aldehyde

Additionally, Nonanal was identified at a relatively lower
concentration of approximately 2.11%.

The identified compounds were classified into the
following categories: acids, including acetic acid and
pivalic acid; ketones, represented by 2,5-cyclohexadiene-
1,4-dione; sulfides, such as trisulfide, dimethyl;
heterocycles, including thiazole, 2,4-dimethyl-; alcohols,
exemplified by 5-hexyn-1-ol; esters, such as acetic acid,
decyl ester and myristic acid, methyl ester; aromatic
compounds, including benzene, 1,1'-(1,2-ethenediyl)bis-
(Z-isomer) and naphthalene, 2-(1-methylethyl)-; phthalate
esters, represented by dibutyl phthalate; and aldehydes,
with nonanal as a representative.

Microgreens are recognized as a rich source of nutrients,
including carotenoids, chlorophylls, and various organic
acids such as L-ascorbic acid, phytic acid, oxalic acid, citric
acid, malic acid, and quinic acid [31]. However, there are
no reports documenting the presence of acetic acid in
microgreens or sprouts. 2,5-Cyclohexadiene-1,4-dione
(commonly known as 1,4-benzoquinone) is a naturally

occurring compound identified in organisms such as
Blaps lethifera, Uloma tenebrionoides, and Thevetia
peruviana [32]. This compound exhibits a range of
bioactivities, including cytotoxicity against human tumor
cell lines, as well as hypocholesterolemic, antimicrobial,
immunosuppressive, antioxidant, nematicidal, and
antiproliferative properties [32, 33]. Pivalic acid
(synonym: 2,2-dimethylpropionic acid), a branched short-
chain fatty acid, has been detected in Nicotiana tabacum
and can exist in free form or as derivatives and
homologues [34].

Benzene, 1,1'-(1,2-ethenediyl)bis-, (Z2)- is a (2)-stilbene
compound, belonging to the «class of phenolic
compounds [35]. Resveratrol, the most common stilbene,
predominantly occurs in its trans-isomeric form within
plant tissues [36]. Studies have demonstrated that
resveratrol, a naturally occurring food component,
possesses strong antioxidant activity [37]. The robust
antioxidant capacity of phenolic compounds plays a
critical role in preventing cardiovascular diseases by
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Table 2. Binding-free energy (BFE) values (in kcal/mol) of various compounds with the target molecules CYP2C9 and NOX2.

Binding-Free Energy (kcal/mol)

Compounds

CYP2C9 NOX2
Native ligand -13.70 -
Native ligand - -11.08
Benzene, 1, 1'-(1, 2-ethenediyl)bis-, (2)- -4.48 -7.02
Dibutyl phthalate -5.57 -6.75
Naphthalene, 2-(1-methylethyl)- -4.92 -6.71
Myristic acid, methyl ester -5.04 -5.62
2,5-cyclohexadiene-1,4-dione -4.39 -5.05
Nonanal -4.06 -4.83
Acetic acid, decyl ester -5.39 -4.81
Pivalic acid -3.58 -4.32
Thiazole, 2,4-dimethyl- -3.74 -3.96
Trisulfide, dimethyl -3.08 -3.25
5-Hexyn-1-ol -3.00 -3.76
Acetic Acid -3.15 -2.28

neutralizing free radicals, protecting nitric oxide (NO),
and supporting vascular health [38].

Myristic acid, methyl ester (synonym: methyl
tetradecanoate), is a methyl ester derivative of myristic
acid. It functions as a plant metabolite, flavoring agent,
and fragrance compound associated with tetradecanoic
acid. Fatty acid methyl esters (FAMEs), derived from
vegetable oils such as soybean, corn, sunflower, and
microalgae, exhibit notable antifungal and antioxidant
properties [39, 40]. Decyl acetate (acetic acid, decyl ester)
is a natural compound identified in Ophrys sphegodes
and Houttuynia cordata. It belongs to the class of fatty
alcohol esters, closely related to FAMEs, and has
demonstrated antibacterial activity. Fatty alcohol esters,
depending on their chemical structure and functional
groups, can also exhibit antioxidant properties [41]. The
characteristics of these detected compounds suggest
that fresh broccoli microgreens have significant potential
as a natural source of antioxidants, contributing to their
health-promoting properties.

3.3. Molecular Docking Results

The compounds identified in the ethanolic extract of
fresh samples were analyzed computationally to evaluate
their binding interactions with two target receptors:
cytochrome P450 CYP2C9 and NOX2. Table 2 presents
the binding-free energy (BFE) values of the compounds
with these targets, expressed in kcal/mol. BFE is a critical
parameter for assessing the strength of interactions
between a compound and its target, where lower (more
negative) BFE values indicate stronger binding affinity
and tighter interaction [42].

The analysis revealed variability in the binding affinities
of the compounds to CYP2C9. Some compounds
demonstrated weaker binding affinities, reflected by less
negative BFE values, while others exhibited moderate to

strong binding. Specifically, compounds such as dibutyl
phthalate, myristic acid methyl ester, acetic acid decyl
ester, and naphthalene, 2-(1-methylethyl)- showed
stronger binding affinities to CYP2C9. In contrast, acetic
acid, pivalic acid, and 5-hexyn-1-ol exhibited weaker
interactions with this target. Notably, the native ligand
provided a strong binding reference, highlighting its high
affinity for CYP2C9 compared to other compounds in the
analysis.

Cytochrome P450 (CYP450) enzymes play a critical role in
the metabolism of a wide range of endogenous and
exogenous substances, including drugs and hormones
[43]. Among these, CYP2C9 is notably associated with the
production of reactive oxygen species (ROS) during
metabolic processes. Targeting CYP2C9 presents a
potential strategy for developing antioxidant therapies to
combat oxidative stress-related diseases. ldentifying
molecules that interact with CYP2C9 could aid in
inhibiting ROS production or enhancing its antioxidant
capacity.

NADPH oxidase 2 (NOX2), a member of the NOX
superfamily, is another key contributor to ROS
production, particularly the superoxide anion. NOX2
plays an essential role in immune responses and is
predominantly  expressed in  neutrophils and
macrophages. Its primary function is generating ROS to
destroy pathogens during respiratory infections [44].
However, excessive ROS production can trigger chronic
inflammation, contributing to the development of
diseases such as diabetes and cancer [45]. These findings
suggest that targeted modulation of NOX2 activity may
provide therapeutic benefits for conditions characterized
by oxidative stress and inflammation.

Figure 3 illustrates the results of molecular docking,
highlighting how selected ligands interact with CYP450
and NOX2 receptors. The ligands were selected based on
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their strong binding affinities to these receptors and their
ability to form diverse interactions. Among these
interactions, hydrogen bonds (H-bonds) play a pivotal
role in stabilizing receptor-ligand complexes. H-bonds
are formed between hydrogen atoms and
electronegative atoms, such as oxygen or nitrogen, and
are essential for maintaining the structure and function
of biological systems [46-48]. The findings of this study
confirm the presence of H-bonds within the receptor-
ligand complexes, underscoring their significance in
molecular recognition processes. These bonds not only
enhance the stability of the complexes but also
contribute to the specificity and efficacy of the ligand-
receptor interaction [48, 49]. This underscores the
potential of the selected ligands to modulate CYP450 and
NOX2 activities effectively through stable and specific
binding.

Salt bridges are frequently formed through interactions
involving aspartic acid residues, contributing to the
stability of protein-ligand complexes [50]. In contrast, van
der Waals interactions are relatively weak electrostatic
attractions arising from permanent or induced molecular
polarity. Although weaker than hydrogen bonds, van der
Waals interactions significantly influence ligand-receptor
inhibition due to their prevalence [47]. A thorough
understanding of ligand-receptor interactions is essential
for advancing therapeutic strategies targeting these
receptors. The number of hydrogen bonds formed with
amino acid residues plays a critical role in determining
bond strength and energy stability within the complex
[51]. Additionally, hydrophobic interactions between
ligands and receptors reduce amino acid-water
interactions, often involving Pi-Sigma and Alkyl/Pi-Alkyl
bonds. These interactions typically occur when nonpolar
amino acid residues cluster within the protein's core,
minimizing contact with water molecules [52]. Binding-
free energy (BFE) values for ligands derived from broccoli
microgreens were higher (less negative) compared to
control compounds, indicating relatively lower receptor
affinity. However, these findings still suggest that the
investigated ligands possess the potential for selective
modulation of CYP450 and NOX2 receptors, offering a
foundation for future optimization and therapeutic
development.

3.4. Molecular Dynamics Simulations

Throughout the 200 ns molecular dynamics simulation,
the root-mean-square deviation (RMSD) of both the
protein and ligand in the CYP2C9-Methyl myristate
complex remained below 0.25 nm, reflecting stable
dynamic behavior (Figure 4A). The RMSD consistently
staying below 5 A further suggests that structural
deviations were minimal throughout the simulation [53].

Initially, the protein's RMSD was approximately 0.15 nm,
while the ligand's RMSD was around 0.2 nm. By the 150-
200 ns mark, both values stabilized near 0.2 nm,
suggesting an initial phase of mutual adjustment
followed by a period of more stable interactions. The
extended equilibrium-like behavior observed during the
latter phase of the simulation highlights a stable
configuration characterized by balanced forces and
minimal thermal fluctuations. The convergence of RMSD
fluctuations toward the end of the simulation further
supports the formation of a stable binding interaction
between the ligand and the protein. The initial
discrepancies in RMSD values indicate that the ligand
may not have been strongly bound or optimally oriented
at the start of the simulation. However, the subsequent
alignment and stabilization of RMSD values suggest a
successful binding event, reflecting the establishment of
a stable protein-ligand complex.

In comparison, the molecular dynamics simulation of the
NOX and (Z)-1,2-Diphenylethene complex reveals notable
dynamics, as evidenced by the analysis of RMSD
fluctuations (Figure 4B). Over the 200 ns simulation, a
clear discrepancy is observed between the RMSD
behaviors of the protein and the ligand. The protein
exhibits relatively high RMSD fluctuations, ranging
between 0.3 and 0.4 nm, indicating significant structural
flexibility and potential conformational changes. In
contrast, the ligand maintains consistently low RMSD
values, remaining below 0.2 nm throughout the
simulation, suggesting a stable conformation with
minimal perturbations. This divergence in RMSD patterns
suggests that the ligand may not be strongly or stably
bound to the protein. The ligand's consistent and
minimized RMSD values imply that it is not forming
robust interactions with the protein's binding site,
indicating weak or transient binding. Moreover, the
pronounced RMSD fluctuations of the protein indicate a
lack of stabilization by the ligand, further supporting the
notion of an unstable or ineffective interaction within the
complex.

The molecular dynamics simulations revealed distinct
differences in binding stability and interaction dynamics
between the two complexes. The CYP2C9-Methyl
myristate complex exhibited stable binding interactions,
characterized by consistent and low RMSD values for
both the protein and ligand, indicating strong mutual
adaptation and robust interactions. In contrast, the NOX-
(2)-1,2-Diphenylethene complex displayed weak and
transient binding, with significant protein flexibility and a
lack of effective stabilization by the ligand. These findings
highlight the superior binding performance of the
CYP2C9-Methyl myristate complex, suggesting its
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Figure 4. Results of molecular dynamics (MD) simulations for the CYP2C9-Methyl myristate complex (A) and the NOX2-(Z)-1,2-
Diphenylethene complex (B), illustrating the dynamic interactions and stability of the respective protein-ligand systems.

potential for therapeutic targeting, while the NOX-(2)-1,2-
Diphenylethene complex requires further optimization to
enhance its binding affinity and stability.

3.5. Study Limitations and Outlook for Further Research

This study identified several important findings while
acknowledging its limitations. The analysis focused on the
antioxidant activity and molecular interactions of broccoli
microgreens subjected to specific drying methods, with
results derived from in vitro and in silico approaches that
cannot fully replicate in vivo conditions. The study was
limited to a single variety of broccoli microgreens, and the
impact of drying on other potentially bioactive
compounds was not explored in detail. Despite these
limitations, the findings highlight the potential of broccoli

microgreens as functional foods, with air-frying
demonstrating promise for preserving antioxidant
activity. The identification of specific bioactive

compounds from fresh broccoli microgreens interacting
strongly with CYP2C9 and NOX2 underscores their
therapeutic potential in managing oxidative stress-
related conditions, contributing valuable insights into
plant-based dietary interventions for chronic disease
prevention. This work uniquely integrates in vitro and in
silico approaches to evaluate the effects of drying
methods, providing novel insights into the preservation
of bioactive compounds and their applications. Future
research should explore a wider range of drying

techniques, microgreen varieties, and in vivo validation to
optimize post-harvest processing and maximize health
benefits.

4. Conclusions

This study explores the antioxidant capacities of broccoli
microgreens under different drying methods,
highlighting their potential health contributions and
implications for oxidative stress management. The
results demonstrate that both fresh and air-fried broccoli
microgreens possess significant antioxidant activity, with
air-frying effectively preserving this property. In contrast,
microwave drying led to a marked reduction in
antioxidant capacity, underscoring the critical influence
of drying methods on the retention of bioactive
compounds. These findings emphasize the role of
broccoli microgreens, particularly in fresh and air-fried
forms, in mitigating oxidative stress, a major factor in the
development of chronic diseases. Molecular docking and
dynamics simulations provide valuable insights into the
therapeutic potential of compounds in fresh
microgreens, with methyl myristate showing stable
interactions with receptors involved in regulating
oxidative stress. These findings underscore the
importance of selecting the optimal preparation method
to maximize the therapeutic and nutritional benefits of
broccoli microgreens. Beyond their nutritional value, the
study suggests potential applications in developing
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antioxidant-based therapies for managing oxidative
stress-related conditions and preventing chronic
diseases. The integration of experimental analyses with
computational modeling has provided a deeper
understanding of the antioxidant potential of broccoli
microgreens and the impact of preparation methods on
their bioactive compounds. Further research should
focus on exploring alternative drying methods and
investigating other varieties of microgreens to enhance
our knowledge of their bioactive profiles and health-
promoting properties. Such studies could pave the way
for innovative strategies in functional food development
and therapeutic interventions.
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