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Abstract

The rising threat of antimicrobial resistance necessitates the search for novel bioactive
molecules from natural sources. This study investigated the phytochemical compo-
sition, antibacterial potency, and molecular docking interactions of Citrus aurantium
peel ethanol extract against Escherichia coli outer-membrane and topoisomerase proteins
and Staphylococcus aureus toxins as drug target proteins. Qualitative and quantitative
phytochemical compositions were examined using standard analytical methods, chem-
ical compounds were evaluated and qualified using Gas Chromatography–Mass Spec-
trometry (GC-MS), and antibacterial effects were investigated in silico and validated
in vitro. Qualitative and quantitative analyses revealed high concentrations of flavonoids
(4.54 ± 0.11%), alkaloids (1.6 ± 0.03%), terpenoids (1.35 ± 0.01%), tannins (1.02 ± 0.05%),
phenols (0.97 ± 0.07%), and saponins (0.80 ± 0.01%). GC–MS profiling identified several
dominant compounds, including β-D-glucopyranose, neo-inositol, 8-(2,3-dihydroxy-3-
methylbutyl)-7-methoxy-2H-chromen-2-one, and D-allose. In silico docking studies against
bacterial druggable proteins (PDB IDs: 4C56 and 3MFG, which are S. aureus toxins; 1BXW
and 3FV5, which are E. coli outer-membrane and topoisomerase proteins) revealed strong
binding affinities (−6.477 to −8.774 kcal/mol), comparable to standard antibiotics. AD-
MET predictions confirmed favorable pharmacokinetic and safety profiles, with most lead
compounds displaying high intestinal absorption, low hepatotoxicity, and compliance
with Lipinski’s rule of five. The extract exhibited stronger antibacterial activity, producing
inhibition zones of 25.11 ± 0.017 and 23.04 ± 0.25 mm against clinical isolates of S. aureus
and E. coli, respectively, at a concentration of 10 mg/mL, comparable to ciprofloxacin
(30.35 ± 0.26 mm). These findings highlight C. aurantium peel phytoconstituents as promis-
ing scaffolds for antibacterial drug development and justify further in vivo validation for
combating multidrug-resistant pathogens.
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topoisomerase

Biol. Life Sci. Forum 2026, 62, 4 https://doi.org/10.3390/blsf2026062004

https://crossmark.crossref.org/dialog?doi=10.3390/blsf2026062004&domain=pdf&date_stamp=2026-05-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/blsf
https://www.mdpi.com
https://orcid.org/0009-0001-2236-8506
https://sciforum.net/event/IOCBI2026
https://doi.org/10.3390/blsf2026062004


Biol. Life Sci. Forum 2026, 62, 4 2 of 20

1. Introduction
Antimicrobial resistance (AMR) ranks among the most pressing threats to global public

health and development. In 2019, bacterial AMR was estimated to have directly caused
1.27 million deaths worldwide, while contributing to approximately 4.95 million deaths and
higher healthcare costs [1]. A major force driving the AMR crisis is the indiscriminate and
excessive application of antimicrobials in human medicine, crop agriculture, and animal
husbandry [2]. The increasingly globalized nature of the food trade exacerbates this problem
by enabling drug-resistant strains to spread beyond national borders, escalating what may
begin as contained outbreaks into public health emergencies of global concern [3,4].

Clinically important pathogens such as Escherichia coli and Staphylococcus aureus are
increasingly developing resistance to commonly used drugs, thereby necessitating the
exploration of alternative therapeutic agents. Bacterial proteins, such as outer-membrane
proteins and DNA topoisomerases in E. coli, as well as virulence-associated toxins in S.
aureus, are drug targets because of their crucial roles in bacterial survival, replication,
structural integrity, and pathogenicity. Targeting these proteins offers a strategic approach
to disrupting bacterial growth and virulence.

Natural product-derived antimicrobials, especially plant-derived phytochemicals,
have gained considerable attention as promising sources of novel bioactive compounds
with diverse pharmacological properties in the fight against AMR. Citrus aurantium (bitter
orange) peel has a rich content of bioactive compounds, including multiple phenolic acids
and flavonoids which are capable of exhibiting antimicrobial activity [5]. However, despite
its established ethnomedicinal relevance, there is a paucity of comprehensive studies
integrating phytochemical profiling, in silico molecular docking against defined bacterial
drug targets, and in vitro validation, hence the need for this study.

2. Materials and Methods
2.1. Collection of Citrus aurantium

Mature fruits of Citrus aurantium L. (bitter orange) were collected from healthy trees
during the peak fruiting season (November–February) from Ola-Ogun Area, Ibadan, Nige-
ria. The fruits were identified and authenticated by a botanist at the University of Ibadan
and a voucher specimen (PLM/2025/XL/016) was deposited at the institutional herbarium
for reference. The collected fruits were thoroughly washed under running tap water, fol-
lowed by rinsing with distilled water to remove surface contaminants, dirt, and microbial
load. The fruits were manually peeled using a sterile stainless-steel knife, and the peels (ex-
ocarp) were separated. The fresh peels were cut into small uniform pieces (approximately
1–2 cm2) and spread in single layers on clean stainless-steel trays. Drying was carried out
in a hot-air oven at 40–45 ◦C for 48–72 h until a constant weight was achieved. The dried
peels were then ground into a fine powder using an electric grinder and sieved through a
mesh (particle size ≤ 0.5 mm) to obtain a homogenous powder. The powdered material
was stored in airtight, light-protected containers at 4 ◦C until further use [5].

2.2. Ethanol Extraction of Bioactive Compounds in C. aurantium Peels

The ethanolic extract was prepared using the maceration method. Approximately
50 g of the dried peel powder was soaked in 500 mL of 95% (v/v) ethanol in a conical flask
(ratio 1:10, w/v). The mixture was agitated intermittently on a magnetic stirrer and allowed
to macerate at room temperature (25 ± 2 ◦C) for 72 h. The resulting mixture was filtered
through Whatman No. 1 filter paper, and the residue was re-extracted twice under the
same conditions to ensure maximum recovery of bioactive compounds. The filtrates were
pooled and concentrated under reduced pressure using a rotary vacuum evaporator (at

https://doi.org/10.3390/blsf2026062004

https://doi.org/10.3390/blsf2026062004


Biol. Life Sci. Forum 2026, 62, 4 3 of 20

40 ◦C) to remove the solvent [6]. The crude extract was then transferred to pre-weighed
glass vials, dried to a semi-solid consistency, and stored at 4 ◦C in the dark until use.

2.3. Quantitative Phytochemical Screening

The crude ethanolic extract was subjected to standard quantitative phytochemical
tests to detect the presence of major classes of bioactive compounds, following standard
methods described by [5], to determine various phytochemical components such as phenols,
glycosides, saponins, flavonoids, alkaloids, and tannins.

2.4. Gas Chromatography–Mass Spectroscopic Analysis of Citrus aurantium Peel Extract

GC-MS analysis of Citrus aurantium peel extract was conducted using a Thermo
GC-Trace Ultra equipped with a DB 35-MS capillary column (30 mm × 0.25 mm × 0.25 µm)
Varian 3800/4000, San Diego, CA, USA. Helium served as the carrier gas at 1.0 mL/min.
Components were identified by comparing mass spectra against NIST and Wiley library
databases [7].

2.5. Bacterial Strains

The characterized multidrug-resistant Escherichia coli (MCB0168) and Staphylococcus
aureus (MCB0311) maintained in the Precious Cornerstone University, Ibadan, Natural
Science Departmental laboratory repository culture were re-validated using PCR assays [8],
which were used to evaluate the in vitro antibacterial efficacy of the extract.

2.6. In Silico Assays
2.6.1. Selection of Protein Motifs

The chemical structures of the identified phytochemical ligands retrieved from the
PubChem-NCBI database were drawn using Chem 3D v.16.0 software. The protein motifs
of S. aureus Enterotoxin B and Toxic Shock Syndrome Toxin-1 (PDB IDs: 4C56 and 3MFG)
and E. coli outer-membrane and topoisomerase proteins (1BXW and 3FV5) were selected
from the protein data bank (PDB).

2.6.2. In Silico Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET)
Analysis and Molecular Docking Using Autodock v.4.20

The pharmacokinetic and toxicity profiles of identified phytochemicals were evalu-
ated using in silico ADMET analysis. The SwissADME server was employed to predict
physicochemical properties, lipophilicity, water solubility, pharmacokinetics, and drug-
likeness. Toxicity was assessed using ProTox-II, which predicted LD50 values and toxicity
classes, and StopTox, which evaluated cardiotoxicity through hERG liability prediction.
Molecular docking was performed using AutoDock v.4.20 to determine the binding affinity
of phytochemical ligands against target proteins. Low-energy 3D ligand conformations
were generated using Chem3D v.16.0. Target proteins were prepared by removing water
molecules, heteroatoms, and co-crystallized solvents, followed by the addition of Gasteiger
charges and polar hydrogens. A grid map (60 × 60 × 60 points, 0.375 Å spacing) was
generated, and the Lamarckian genetic algorithm produced the ten best-ranked poses per
ligand. Docking results were visualized using PyMOL Version 3.0 [9,10].

2.7. In Vitro Antibacterial Activity of Extract Using Agar Well Diffusion Assay

The antibacterial activities of the extract were determined by agar well diffusion assay
techniques [11]. In this method, 100 µL of standardized inoculum (1 × 106 cfu/mL) of
each test bacterium was spread onto sterile Muller–Hinton Agar. A well of 8 mm diameter
was cut from the agar using a sterile cork-borer; subsequently, each well was filled with
100 µL of different concentrations of extract, and ciprofloxacin antibiotic was used as a
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positive control. The plates were kept at room temperature for 1 h to allow proper diffusion
of the extract into agar and then incubated at 37 ◦C for 24 h. Triplicates were prepared
for each sample. The extracts with antibacterial activity inhibited the microbial growth
and clear zones were formed. The diameter of the zone of inhibition was measured in
millimeters [12].

3. Results and Discussion
3.1. Quantitative Phytochemical Composition and GC–MS Spectral Analysis

The quantitative phytochemical analysis of the ethanolic peel extract of Citrus au-
rantium (Table 1) revealed that flavonoids were the most abundant phytochemical, with
a value of 4.54 ± 0.11% (w/w), followed by alkaloids (1.60 ± 0.003%) and terpenoids
(1.35 ± 0.001%). Tannins and phenolic compounds were present at 1.02 ± 0.005% and
0.97 ± 0.007%, respectively. Saponins had the lowest concentration among the quantified
constituents, with a value of 0.80 ± 0.001%. The higher concentration of flavonoids corrobo-
rates [5], who identified constituents in C. aurantium peels via HPLC. The higher flavonoid
recovery in our ethanolic extract compared to their aqueous preparation reflects ethanol’s
superior capacity for solubilizing both glycosylated and aglycone flavonoids [13]. Alkaloid
and saponin contents align with the qualitative detection of berberine and saponins re-
ported by [5]. The moderate alkaloid and terpenoid contents suggest potential antimicrobial
and anti-inflammatory activities, while tannins, phenolics, and saponins may contribute
synergistically to overall bioactivity [14].

Table 1. Quantitative phytochemical composition of ethanolic extract of Citrus aurantium peels.

Parameters Ethanol Extract (%w/w)

Alkaloids 1.6 ± 0.003
Flavonoids 4.54 ± 0.11

Phenol 0.97 ± 0.007
Saponins 0.80 ± 0.001
Tannins 1.02 ± 0.005

Terpenoids 1.35 ± 0.001

GC–MS profiling (Figure 1 and Table 2) revealed 25 compounds, with hexanoic acid
(19.79%), chromene derivatives (13.89%), and isoauraptene (6.32%) as notable constituents.
The detection of coumarin-related compounds corroborates the qualitative identification of
coumarins reported by Hadi [5]. Minor constituents including D-allose derivatives and
2-methoxy-4-vinylphenol may offer additional bioactivities, showing that the phytochemi-
cal richness of C. aurantium peels could be explored as antimicrobial lead compounds.

Table 2. GCMS spectra analysis of C. aurantium peel extract.

Peak Number Real Time Area (%) Name of Compounds

1 3.431 2.81 Phenol, N-Acrylonitrylaziridine, Benzene, ethoxy-
2 3.820 2.71 4(H)-Pyridine, N-acetyl-3-Cyclohexene-1-acetaldehyde 1,3-Diazine

3 4.134 1.01 2-Propenal, 3-(dimethylamino)-3-(1-piperidinyl) Aziridine,
2,2,3,3-tetramethyl-1,2-Dimethylpyrrolidine

4 4.804 2.75 Benzoic acid, methyl ester

5 4.970 1.42 3-Tridecanol 2-Furanmethanol, 5-ethenyltetrahyd ro-.alpha.,.alpha.,5-trimethyl-, c
is- 4,5-Dimethyl-3-heptanol

6 6.406 1.19 4-Methyleneisophorone 2,4-Cycloheptadien-1-one, 2,6,6-trimethyl-

7 7.442 2.12 2-Methoxy-4-vinylphenol 3-Methoxyacetophenone Ethanone,
1-(2-hydroxy-5-methylphenyl)-
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Table 2. Cont.

Peak Number Real Time Area (%) Name of Compounds

8 8.929 1.60
Tricyclo[3.1.0.0(2,4)]hexane, 3,3,6,6-tetramethyl-, (1.alpha.,2.beta.,4.beta.,5.alpha.)

Thiocyanic acid, 4-oxotricyclo[3.3.1.1(3,7)]dec-2-yl ester,
(1.alpha.,2.alpha.,3.beta.,5.alpha.,7.beta.) 2,6-Dimethyl-3,5,7-octatriene-2-ol, ,E,E

9 9.462 3.46 D-Allose.beta.-D-Glucopyranose, 1,6-anhydro 3,4-Altrosan

10 9.736 3.78 4-Cyclopropylmethylbenzonitrile 6-Methyl benzobicyclo[2.2.1] hepte none-5
N,N′-(1,2-Propylene)-thiourea

11 10.446 1.77 Methyl-.beta.-D-thiogalactoside.beta.-D-Glucopyranoside,
methyl.alpha.-D-Glucopyranoside, methyl

12 10.823 19.79 Hexanoic acid, Pentanoic acid
13 11.029 1.10 Indole, 3-methyl- Methylcyclohexanol, (E)-, TMS derivative, Tryptamine
14 11.224 1.30 .beta.-Allyloxypropionic acid, D-Galactose, Morpholine, 4-methyl-, 4-oxide

15 12.260 1.84 D-glycero-D-gulo-Heptonic acid,.delta.-lactone Lactose.alpha.-D-Glucopyranose,
4-O-.beta.-D-galactopyranosyl

16 12.729 2.57 Scyllo-Inositol, Neo-Inositol, l-Inositol
17 13.345 1.81 Hexadecanoic acid, methyl ester Pentadecanoic acid, 14-methyl-, methyl ester
18 13.736 1.86 n-Hexadecanoic acid

19 15.063 16.57 Formamidine, N′-(m-acetylphenyl)-N,N-dimethyl Pyrimidine,
6-oxo-4-(3-fluoropheny l)-1,6-dihydro Phenol, 4-(2-thienylmethyl)-

20 15.321 1.50 acetamide, N-[4-(dimethylamino)phenyl] 2-Thiazolamine, 4,5-dihydro-N-phenyl
1-(3-Ethoxyphenyl)acetone

21 15.865 6.32
Isoauraptene [1,2,4]Triazolo[4,3-b]cinnolin-10-ol, 6,7,8,9-tetrahydro
8H-Cyclopenta[d][1,2,4]triazolo[1, 5-a]pyrimidin-8-one, 4,5,6,7-tetra

hydro-2-methyl

22 16.288 2.59 Auraptenol Pyrazol-5(4H)-one,
3-(4-methoxyphenyl)-[1,2,4]Triazolo[4,3-b]cinnolin-10-ol, 6,7,8,9-tetrahydro-

23 16.660 3.20 Thiophene, 2,2′-(1,2-ethenediyl)bis-, (E)-1H-1,3-Benzimidazole-2-methanol,
5-methoxy-1-methyl Anthracene, 9-methyl-

24 17.507 1.02 Squalene, 1,5,9-Undecatriene, 2,6,10-trimethyl, (Z)-

25 17.856 13.89
8-(2,3-Dihydroxy-3-methylbutyl)-7-methoxy-2H-chromen-2-one,

N-Cyclohexylidene-2-carbamylcyclohex-1-enylamine,
6-Chloro-3-methyl-1,2,3,4-tetrahydro-.gamma.-carboline

 

Figure 1. Gas Chromatography–Mass Spectrophotometry spectra of peel extract of the Citrus aurantium.
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3.2. Comparative Molecular Docking Analysis of Bioactive Compounds Against Staphylococcal
Enterotoxin B (4C56) and Toxic Shock Syndrome Toxin-1 (3MFG)

Molecular docking of Citrus aurantium peel-derived bioactives against SEB (PDB:
4C56) (Table 3; Figure 2a,b) and TSST-1 (PDB: 3MFG) (Table 4; Figure 3a,b) revealed
target-dependent binding affinities, with consistently stronger interactions observed for
TSST-1 (−8.774 to −4.917 kcal/mol) compared to SEB (−6.477 to −2.940 kcal/mol). This
differential susceptibility may reflect structural differences in the superantigen-binding
pockets, as staphylococcal enterotoxins exhibit variable amino acid compositions at crit-
ical MHC-II- and TCR-binding interfaces despite sharing a conserved two-domain ar-
chitecture [15]. Neo-inositol demonstrated the strongest dual-target affinity, achieving
−8.774 kcal/mol against TSST-1, surpassing clindamycin (−7.936 kcal/mol), likely at-
tributable to its polyhydroxylated structure facilitating extensive hydrogen bonding
with TYR90 and GLY88. Notably, MM/GBSA rescoring identified the chromene deriva-
tive and auraptenol as the most thermodynamically stable complexes (∆G_bind up to
−46.28 kcal/mol), a finding consistent with the established superiority of MM/GBSA over
standard docking scores in accounting for solvent effects and protein flexibility [16]. These
coumarin-type scaffolds, which are well-documented constituents of C. aurantium peels
with established anti-inflammatory and antimicrobial properties [17,18], engaged conserved
hydrophobic hotspots (VAL134/LEU136 in SEB; TYR90/PHE89 in TSST-1) supplemented
by critical hydrogen bond interaction patterns that parallel those of high-affinity synthetic
inhibitors such as nanobodies targeting the SEB–TCR interface [19]. Given that no specific
therapeutic interventions currently exist to counteract SEB-mediated pathogenesis [20],
the comparable binding profiles of these phytocompounds relative to standard antibi-
otics support their prioritization as natural anti-virulence leads against toxin-mediated
staphylococcal diseases in the context of escalating AMR.

Table 3. Lead binding affinities and interaction of C. aurantium’s most abundant bioactive compounds
docked against the 4C56 active site, along with the standard inhibitors Clindamycin, Nafcillin,
and Oxacillin.

C. aurantium Bioactive
Compounds (4C56)

Docking Scores
(Kcal/mol)

MMGBSA
(∆Gbind) Hydrophobic Amino Acids Hydrogen Bond

Interactions
Other
Interactions

beta-D-glucopyranose −6.477 −31.85
VAL 134, VAL 144, LEU 136,
LEU 146, ILE 156, TYR 155, CYS
135, PHE 137

PHE 137, CYS 135,
THR 157 None

Neo-Inositol −6.421 −29.38
VAL 134, VAL 144, LEU 136,
LEU 146, ILE 156, TYR 155, CYS
135, PHE 137

CYS 135, THR 157 None

8-(2,3-Dihydroxy-3-
methylbutyl)-7-methoxy-
2H-chromen-2-one

−6.368 −45.71

VAL 134, VAL 154, VAL 144,
VAL 146, LEU 136, LEU 146, ILE
156, PHE 137, PHE 140, PHE
189, ALA 188, TYR 155, CYS 135

CYS 135, THR 157 None

D-Allose −6.037 −37.26
VAL 134, VAL 144, LEU 136,
LEU 146, ILE 156, PHE 137, CYS
135, TYR 155

THR 157, TYR 155 None

6-Chloro-3-methyl-
1,2,3,4-tetrahydro-
gamma-carboline

−5.493 −23.21
VAL 134, VAL 154, VAL 144,
LEU 136, LEU 146, ILE 156,
PHE 128, CYS 135, TYR 155

TYR 155 None

N-Cyclohexylidene-2-
carbamylcyclohex-1-
enylamine

−5.344 −38.52
VAL 134, VAL 154, VAL 144,
LEU 136, LEU 146, ILE 156,
PHE 137, CYS 135, TYR 155

CYS 135, TYR 155 None

Auraptenol −4.695 −43.73

VAL 134, VAL 154, VAL 144,
LEU 136, LEU 146, ILE 156,
PHE 137, PHE 189, CYS 135,
TYR 155, ALA 188

CYS 135, THR 157 None

3-Methoxyacetophenone −4.037 −23.89
VAL 134, VAL 154, LEU 146,
PHE 137, CYS 135, TYR 155,
ALA 188

THR 157 None
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Table 3. Cont.

C. aurantium Bioactive
Compounds (4C56)

Docking Scores
(Kcal/mol)

MMGBSA
(∆Gbind) Hydrophobic Amino Acids Hydrogen Bond

Interactions
Other
Interactions

Anthracene, 9-methyl- −3.978 −24.07
VAL 134, VAL 144, LEU 136,
LEU 146, ILE 156, PHE 137,
PHE 140, CYS 135, TYR 155

None None

2-Methoxy-4-
vinylphenol −2.940 −30.63 VAL 170, PHE 137, LEU 136,

LEU 162, LEU 194, CYS 171 THR 138 None

Clindamycin (STD) −7.039 −50.09

VAL 134, VAL 154, VAL 144,
LEU 136, LEU 146, LEU 109, ILE
156, PHE 137, PHE 183, PHE
189, TYR 155, ALA 188, CYS 135

THR 157, CYS 135 None

Nafcillin (STD) −6.630 −51.58

VAL 134, VAL 154, VAL 144,
LEU 136, LEU 146, LEU 146,
LEU 177, ILE 156, PHE 137,
PHE 148, CYS 135

CYS 135 None

Oxacillin (STD) −6.110 −23.32

VAL 121, VAL 134, VAL 146,
VAL 154, LEU 136, LEU 146,
ILE 156, PHE 137, PHE 183,
PHE 189, ALA 188, CYS 135

CYS 135, PHE 137 None

Table 4. Lead binding affinities and interaction of C. aurantium’s most abundant bioactive compounds
docked against the 3MFG active site, along with the standard inhibitors Clindamycin, Oxacillin,
and Nafcillin.

C. aurantium Bioactive
Compounds (3MFG)

Docking Scores
(Kcal/mol)

MMGBSA
(∆Gbind) Hydrophobic Amino Acids Hydrogen Bond

Interactions
Other
Interactions

Neo-Inositol −8.774 −38.97 ILE 91, TYR 90, PHE 89, PRO 8,
VAL 11, ILE 21

TYR 90, GLY 88, PRO
8, GLN 6 None

D-Allose −7.737 −43.98 TYR 90, PHE 89, PRO 8, VAL 11,
ILE 21

TYR 90, GLY 88, PRO
8, VAL 11 None

beta-D-glucopyranose −6.949 −26.83 ILE 91, TYR 90, PHE 89, PRO 8,
VAL 11, ILE 21

TYR 90, GLY 88, PRO
8, GLN 6 None

8-(2,3-Dihydroxy-3-
methylbutyl)-7-methoxy-
2H-chromen-2-one

−6.852 −46.28
ILE 21, TYR 90, PHE 89, PRO 8,
VAL 11, VAL 19, VAL 13, VAL
79, ALA 82

VAL 11, SER 9 None

N-Cyclohexylidene-2-
carbamylcyclohex-1-
enylamine

−6.293 −38.5
ILE 21, TYR 90, PHE 89, PRO 8,
VAL 11, VAL 19, VAL 13, VAL
79, ALA 82

VAL 11, GLY 88,
ARG 10 None

Auraptenol −5.510 −44.2 ILE 21, TYR 90, PHE 89, PRO 8,
VAL 11, VAL 19, VAL 79 TYR 90 None

Anthracene, 9-methyl- −5.334 −35.23 ILE 21, TYR 90, PHE 89, PRO 8,
VAL 11, VAL 19, VAL 79 None None

3-Methoxyacetophenone −5.285 −30.37 ILE 21, TYR 90, PHE 89, PRO 8,
VAL 11, VAL 19, VAL 79 TYR 90 None

6-Chloro-3-methyl-
1,2,3,4-tetrahydro-
gamma-carboline

−5.280 −31.75 ILE 21, TYR 90, PRO 8, VAL 11,
VAL 19, VAL 79, ALA 82 SER 9 None

2-Methoxy-4-
vinylphenol −4.917 −34.42 ILE 21, TYR 90, PHE 89, PRO 8,

VAL 11, VAL 19 TYR 90, PRO 8 None

Clindamycin (STD) −7.936 −48.06
ILE 12, ILE 21, TYR 90, PHE 89,
PRO 8, VAL 11, VAL 19, VAL 13,
ALA 82

VAL 11, TYR 90, GLY
88, PRO 8, GLN 6,
ARG 10

None

Oxacillin (STD) −7.581 −27.71 ILE 21, ILE 91, TYR 90, PHE 89,
PRO 8, VAL 11, VAL 19

TYR 90, GLY 88, PRO
8, SER 9, GLN 6 None

Nafcillin (STD) −7.034 −46.84
ILE 12, ILE 21, TYR 90, PHE 89,
VAL 11, VAL 19, VAL 13, VAL
79, PRO 84, ALA 82

VAL 11, VAL 13, GLY
88, ARG 10 Pi-Pi Stacking
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(b) 

Figure 2. (a) 2-Dimensional structure of the top lead compounds of C. aurantium L. docked against
the 4C56 active site, along with the standard inhibitors Clindamycin, Nafcillin, and Oxacillin.
(b) 3-dimensional structure of the top lead compounds of C. aurantium L. docked against the 4C56
active site, along with the standard inhibitors Clindamycin, Nafcillin, and Oxacillin.

3.3. Comparative Molecular Docking Analysis of Bioactive Compounds Against Protein Targets of
Escherichia coli Outer-Membrane Protein A (1BXW) and Topoisomerase IV (3FV5)

Comparative docking and MM/GBSA analyses against OmpA (1BXW) (Table 5;
Figure 4a,b) and Topoisomerase IV (3FV5) (Table 6; Figure 5a,b) revealed complementary
antibacterial mechanisms among C. aurantium phytochemicals. While polar sugars (neo-
inositol, D-allose) achieved the highest docking scores, MM/GBSA consistently favored
hydrophobic chromen-2-one derivatives and auraptenol. This aligns with findings that
prenylated polyphenolics, including coumarins, exhibit higher docking profiles against bac-
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terial targets [21]. OmpA binding involved a hydrophobic pocket (TRP15, LEU13, TYR141),
whereas Topoisomerase IV engagement targeted catalytic residues (ASP69, GLY73, ILE90),
consistent with reports that plant-derived compounds can simultaneously bind DNA gy-
rase and Topoisomerase IV complexes through substituent-dependent binding modes [22].
These in silico findings are supported by demonstrated antibacterial and antibiofilm ac-
tivities of C. aurantium essential oil [23]. Generally, these findings support a dual-action
model disrupting outer-membrane integrity and DNA topology, and could be a promising
multi-target antimicrobial agent.

 
(a) 

Figure 3. Cont.
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(b) 

Figure 3. (a) 2-dimensional structure of the top lead compounds of C. aurantium L. docked against
the 3MFG active site, along with the standard inhibitors Clindamycin, Oxacillin, and Nafcillin.
(b) 3-dimensional structure of the top lead compounds of C. aurantium L. docked against the 3MFG
active site, along with the standard inhibitors Clindamycin, Oxacillin, and Nafcillin.

Table 5. Lead binding affinities and interaction of C. aurantium’s most abundant bioactive com-
pounds docked against the 1BXW active site, along with the standard inhibitors Ciprofloxacin
and Nitrofurantoin.

C. aurantium Bioactive
Compounds (1BXW)

Docking Scores
(Kcal/mol)

MMGBSA
(∆Gbind) Hydrophobic Amino Acids Hydrogen Bond

Interactions
Other
Interactions

Neo-Inositol −7.665 −23.85 TRP 15, LEU 13, LEU 139,
TYR 141

LEU 13, LYS 12, GLU
140, GLN 142 None

8-(2,3-Dihydroxy-3-
methylbutyl)-7-methoxy-
2H-chromen-2-one

−7.023 −45.03 TRP 15, LEU 13, LEU 139,
TYR 141 GLU 140, ARG 138 None

D-Allose −6.615 −22.86 TRP 15, LEU 13, LEU 139,
TYR 141

LEU 13, ARG 138,
GLU 140 None

N-Cyclohexylidene-2-
carbamylcyclohex-1-
enylamine

−6.390 −34.18 TRP 15, TRP 143, LEU 58, TYR
141, MET 100 GLN 142, SER 16 None

beta-D-glucopyranose −5.664 −28.85 TRP 15, LEU 13, LEU 139,
TYR 141

GLN 142, GLU 140,
ARG 138, TRP 15 None
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Table 5. Cont.

C. aurantium Bioactive
Compounds (1BXW)

Docking Scores
(Kcal/mol)

MMGBSA
(∆Gbind) Hydrophobic Amino Acids Hydrogen Bond

Interactions
Other
Interactions

Auraptenol −5.325 −41.75 TRP 15, TRP 57, LEU 13, LEU
139, LEU 58, TYR 141, ALA 37

GLU 140, LYS 12,
GLN 142 None

3-Methoxyacetophenone −4.477 −22.91 TRP 15, LEU 13, LEU 139 GLU 140 None
2-Methoxy-4-
vinylphenol −4.371 −32.79 TRP 15, TRP 57, LEU 13, LEU

139, LEU 58, TYR 141, ALA 37 GLU 140, GLN 142 Pi-Cation

6-Chloro-3-methyl-
1,2,3,4-tetrahydro-
gamma-carboline

−4.158 −33.49 TRP 15, LEU 13, LEU 139 TRP 15 None

Anthracene, 9-methyl- −3.861 −29.44 TRP 15, LEU 13, LEU 139 None None

Ciprofloxacin (STD) −6.855 −55.86 TRP 15, LEU 13, LEU 58, LEU
139, TYR 141, TRP 153

GLN 142, SER 16,
LEU 13 None

Nitrofurantoin (STD) −4.275 −30.74 TRP 15, LEU 13, TYR 141 GLN 142, TRP 15 None

Table 6. Lead binding affinities and interaction of C. aurantium’s most abundant bioactive compounds
docked against the 3FV5 active site, along with the standard inhibitors Ofloxacin, Levofloxacin,
and Ciprofloxacin.

C. aurantium Bioactive
Compounds (3FV5)

Docking Scores
(Kcal/mol)

MMGBSA
(∆Gbind) Hydrophobic Amino Acids Hydrogen Bond

Interactions
Other
Interactions

D-Allose −6.209 −20.93 ILE 90, MET 74, PRO 75 GLY 73, ASP 69, THR
163 None

beta-D-glucopyranose −5.716 −27.29 ILE 90, ILE 116, MET 74, PRO
75, VAL 39, VAL 165 GLY 73 None

8-(2,3-Dihydroxy-3-
methylbutyl)-7-methoxy-
2H-chromen-2-one

−5.139 −37.44 ILE 90, MET 74, PRO 75 ASN 42 None

Neo-Inositol −4.628 −17.03 ILE 90, MET 74, PRO 75 GLY 73, ASP 69, THR
163, ASN 42 None

Auraptenol −4.108 −34.8 ILE 90, MET 74, PRO 75, VAL 39 ASN 42 None
2-Methoxy-4-
vinylphenol −3.937 −29.81 ILE 90, MET 74, PRO 75 GLY 73, ASP 69, THR

163 None

3-Methoxyacetophenone −3.729 −25.02 ILE 90, ILE 116, MET 74, PRO
75, VAL 39, VAL 67, VAL 165 GLY 73, THR 163 None

Anthracene, 9-methyl- −3.661 −28.89 ILE 90, MET 74, PRO 75 None None
6-Chloro-3-methyl-
1,2,3,4-tetrahydro-
gamma-carboline

−2.858 −19.86 ILE 90, ILE 116, MET 74, PRO
75, VAL 165 None None

N-Cyclohexylidene-2-
carbamylcyclohex-1-
enylamine

−2.818 −24.35 ILE 90, MET 74, PRO 75 GLU 46 None

Ofloxacin (STD) −4.388 −42.32 ILE 90, MET 74, PRO 75 GLY 73, ASP 69, THR
163 None

Levofloxacin (STD) −4.388 −42.32 ILE 90, MET 74, PRO 75 GLY 73, ASP 69, THR
163 None

Ciprofloxacin (STD) −3.739 −40.07 ILE 90, MET 74, PRO 75 GLY 73, ASP 69 None
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(a) 

(b) 

Figure 4. (a) 2-dimensional structure of the top lead compounds of C. aurantium L. docked
against the 1BXW active site, along with the standard inhibitors Ciprofloxacin and Nitrofurantoin.
(b) 3-dimensional structure of the top lead compounds of C. aurantium L. docked against the 1BXW
active site, along with the standard inhibitors Ciprofloxacin and Nitrofurantoin.
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(b) 

Figure 5. (a) 2-dimensional structure of the top lead compounds of C. aurantium L. docked against
the 3FV5 active site, along with the standard inhibitors Ofloxacin, Levofloxacin, and Ciprofloxacin.
(b) 3-dimensional structure of the top lead compounds of C. aurantium L. docked against the 3FV5
active site, along with the standard inhibitors Ofloxacin, Levofloxacin, and Ciprofloxacin.

3.4. Physicochemical Properties, Drug-Likeness, and ADMET/Toxicity Profiling of Citrus
aurantium Phytoconstituents

ADMET analysis (Tables 7 and 8) revealed favorable pharmacokinetic profiles for
most C. aurantium phytochemicals, with high human intestinal absorption predicted for
all except neo-inositol, whose high polarity and TPSA limit absorption. BBB permeability
varied predictably with polarity, as hydrophobic compounds (chromen-2-one derivative,
auraptenol) were permeable while polar sugars were not consistent with broader findings
that lipophilic natural products exhibit superior membrane permeation [24]. CYP450
profiling showed selective interactions, particularly for coumarin derivatives, aligning
with reports that coumarins demonstrate manageable metabolic profiles with good oral
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bioavailability [25]. Toxicity predictions indicated low hepatotoxicity, contrasting with
some reference antibiotics [26], though mutagenicity signals in a few compounds warrant
experimental validation [27].

Table 7. Pharmacokinetic properties (ADMETox) of the Lead C. aurantium’s most abundant bioactive
compounds docked against 4C56, 3MFG, 1BXW, and 3FV5 active sites, along with the standard inhibitors.

C. aurantium Bioactive Compounds MW HBD HBA LogP TPSA Vd RO5

beta-D-glucopyranose 180.16 5 6 −3.22 110.38 0.318 0
Neo-Inositol 180.16 6 6 −3.83 121.38 0.231 1
8-(2,3-Dihydroxy-3-methylbutyl)-7-methoxy-2H-chromen-
2-one 278.3 2 4 1.28 79.9 0.928 0

D-Allose 180.16 5 6 −2.52 110.38 0.311 0
6-Chloro-3-methyl-1,2,3,4-tetrahydro- gamma-carboline 220.7 1 1 2.91 19.03 3.391 0
N-Cyclohexylidene-2-carbamylcyclohex-1-enylamine 220.31 1 2 2.71 55.45 1.117 0
Auraptenol 260.29 1 4 2.28 59.67 1.579 0
Anthracene, 9-methyl- 192.26 0 0 4.30 0 1.31 1
3-Methoxyacetophenone 150.17 0 2 1.89 26.3 1.24 0
2-Methoxy-4-vinylphenol 150.17 1 2 2.04 29.46 0.39 0
Clindamycin (STD) 424.98 4 8 0.72 102.26 0.77 0
Nafcillin (STD) 414.48 2 5 6 95.94 0.202 0
Oxacillin (STD) 401.44 2 8 2.22 112.74 0.163 0
Ciprofloxacin (STD) 331.34 2 5 1.98 74.57 1.827 0
Nitrofurantoin (STD) 238.16 1 6 0.86 118.05 0.705 0
Ofloxacin (STD) 361.37 1 6 1.55 75.01 1.497 0
Levofloxacin (STD) 361.37 1 6 1.55 75.01 1.387 0

MW = Molecular weight, HBD = number of hydrogen bond donors, HBA = number of hydrogen bond acceptors,
LogP = octanol/water partition coefficient, TPSA = topological polar surface area, Vd = volume of distribution,
RO5 = Lipinski rule of five.

3.5. Antibacterial Potency of Ethanolic Extract of Citrus aurantium Peels

The antibacterial activity of the ethanolic peel extract of Citrus aurantium was evaluated
at 5 mg/mL and 10 mg/mL against S. aureus and E. coli, with ciprofloxacin as the control
(Figure 6). For S. aureus, the extract produced higher inhibition zones of 25.11 ± 0.10 mm
at 10 mg/mL, compared to 30.41 ± 0.01 mm for ciprofloxacin. Similarly, E. coli showed
inhibition zones of 23.04 ± 0.04 mm at 10 mg/mL against the control (30.38 ± 0.19 mm).
Statistically, the antibacterial activity of the extract at both concentrations was significantly
different from the control (p < 0.05) for both organisms. Additionally, a significant increase
(p < 0.05) in inhibition was observed between 5 mg/mL and 10 mg/mL concentration,
confirming a dose-dependent effect. Higher S. aureus susceptibility is likely due to the
absence of an outer-membrane barrier [28]. The observed dose-dependent inhibition aligns
with findings that citrus essential oils exhibit concentration-dependent bactericidal effects
mediated through membrane permeability disruption [29]. These results corroborate the
findings of Kačániová [23] that C. aurantium extracts possess broad antimicrobial potential,
which is attributed to phenolics, flavonoids, and terpenes.

https://doi.org/10.3390/blsf2026062004

https://doi.org/10.3390/blsf2026062004


Biol. Life Sci. Forum 2026, 62, 4 17 of 20

Table 8. Pharmacokinetic properties (ADMETox) of the lead C. aurantium’s most abundant bioactive compounds docked against 4C56, 3MFG, 1BXW, and 3FV5
active sites, along with the standard inhibitors.

C. aurantium Bioactive
Compounds HIA P-gp (Substrate/Inhibitor) BBB CYP1A2 (Substrate/Inhibitor) CYP2C19 (Substrate/Inhibitor) CYP2C9 (Substrate/Inhibitor) CYP2D6 (Substrate/Inhibitor) CYP3A4 (Substrate/Inhibitor) Hepatotoxicity Carcinogenicity Mutagenicity Cytotoxicity

beta-D-glucopyranose High Non-Substrate/Non-Inhibitor BBB+ Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive
Neo-Inositol Low Non-Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive

8-(2,3-Dihydroxy-3-methylbutyl)-
7-methoxy-2H-chromen-2-one High Non-Substrate/Non-Inhibitor BBB+ Non-Substrate/Inhibitor Non-Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Inactive Inactive Active Inactive

D-Allose High Non-Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive
6-Chloro-3-methyl-1,2,3,4-

tetrahydro- gamma-carboline High Non-Substrate/Non-Inhibitor BBB+ Substrate/Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Inactive Inactive Active Inactive

N-Cyclohexylidene-2-
carbamylcyclohex-1-enylamine High Non-Substrate/Inhibitor BBB+ Non-Substrate/Inhibitor Non-Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive

Auraptenol High Non-Substrate/Non-Inhibitor BBB+ Substrate/Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive
Anthracene, 9-methyl- High Substrate/Non-Inhibitor BBB+ Substrate/Inhibitor Substrate/Non-Inhibitor Substrate/Inhibitor Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Active Inactive

3-Methoxyacetophenone High Non-Substrate/Non-Inhibitor BBB+ Substrate/Inhibitor Substrate/Inhibitor Substrate/Inhibitor Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Active Inactive Inactive
2-Methoxy-4-vinylphenol High Non-Substrate/Non-Inhibitor BBB+ Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive

Clindamycin (STD) High Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive
Nafcillin (STD) High Non-Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Active Inactive Inactive Inactive
Oxacillin (STD) High Non-Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Inactive Inactive

Ciprofloxacin (STD) High Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Active Inactive
Nitrofurantoin (STD) High Non-Substrate/Non-Inhibitor BBB+ Non-Substrate/Inhibitor Non-Substrate/Non-Inhibitor Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Active Active Active Inactive

Ofloxacin (STD) High Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Active Inactive
Levofloxacin (STD) High Substrate/Non-Inhibitor BBB− Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Non-Substrate/Non-Inhibitor Inactive Inactive Active Inactive

HIA = Human intestinal absorption, BBB = blood–brain barrier penetration, P-gp = P-glycoprot.
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Figure 6. Antibacterial potency of ethanolic extract of Citrus aurantium peels. *** showed a significant
(p < 0.05) difference in zone of inhibition.

4. Conclusions
In conclusion, this study has demonstrated that the ethanolic peel extract of Citrus

aurantium is a potent reservoir of bioactive phytochemicals, especially flavonoids and
coumarin derivatives, with notable antimicrobial properties. Our comprehensive in vitro
and in silico analyses have revealed a multi-target mechanism, where key compounds,
including chromene derivatives and auraptenol, demonstrated impressive binding stabil-
ity against staphylococcal toxins and bacterial proteins, further supported by favorable
ADMET profiles. While the antibacterial activity of the extract may be lower than that of
conventional antibiotics, it exhibited significant efficacy, particularly against S. aureus. This
evidence strongly advocates for the potential of C. aurantium peel as a natural anti-virulence
and antimicrobial agent.

To propel these promising phytocompounds toward therapeutic applications and
effectively address the rising challenge of antimicrobial resistance, further studies on
purification of active compounds in C. aurantium peel, experimental validation, including
in vivo and more in vitro studies, and toxicity evaluations are essential.
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