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Preface to “Research on the Antioxidant,

Antibacterial, and Anti-Drug Properties of Plant

Ingredients”

In recent decades, the new trend of “green consumerism” has led to the investigation and

application of new preservation techniques (e.g., irradiation, sonification) and increased access

to natural extracts and essential oils (EOs) that can reduce or eliminate the usage of synthetic

additives. Recently, the biologically active properties (e.g., antioxidant, antibacterial, antiviral,

immunomodulatory effects, etc.) of volatile compounds derived from EOs isolated from various plant

species have attracted interest among the scientific research community. In alignment with the efforts

of academic researchers to identify and access new sources of active principles applicable to the food

and pharmaceutical industries, this Special Issue collates research articles and original reviews that

discuss several aspects of the biological effects of natural extracts, particularly EOs as well as the

following:

• The chemistry of volatile compounds identified in natural extracts, particularly EOs;

• The antioxidant and antimicrobial properties of natural extracts and EOs and their compounds;

• An in silico evaluation of the biologically active properties of natural extracts and EOs;

• The applications of bioactive compounds from natural extracts and EOs in the food and

pharmaceutical industries.

We consider this Special Issue, consisting of ten publications (eight research papers and two

reviews), to be a helpful resource for academics, researchers, stakeholders, and experts who are

interested in identifying, formulating, and promoting the use of new green additives in the food

and pharmaceutical industries. The guest editors wish to express their appreciation and gratitude to

all of the authors who contributed to this Special Issue.

Călin Jianu and Georgeta Pop

Editors

ix
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Editorial for the Special Issue, “Research on the Antioxidant,
Antibacterial, and Anti-Drug Properties of Plant Ingredients”

Călin Jianu 1,* and Georgeta Pop 2
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* Correspondence: calin.jianu@gmail.com

The increased consumer demand for safe foods has led to the development of new
preservation techniques (e.g., irradiation, ultrasonic methods, and modified atmosphere
packaging) and the use of natural extracts and essential oils (EOs) to reduce or eliminate the
addition of synthetic additives to foodstuffs. In recent decades, the antioxidant properties
of EOs and their effectiveness against pathogenic microorganisms resistant to antibiotics
has been an important research topic in the food and pharmaceutical industries. It has
been demonstrated that the use of essential oils protects the sensory attributes of foods,
significantly improves their shelf life, and decreases food waste. Moreover, accessing them
can reduce oxidative stress at the cellular level, which is characteristic of cardiovascular
and neurodegenerative diseases, and in addition treat some types of cancer.

We originally produced a Special Issue of Applied Sciences, entitled “Research on the
Antioxidant, Antibacterial, and Anti-drug Properties of Plant Ingredients”, in the section
“Food Science and Technology” (ISSN: 2076-3417; https://www.mdpi.com/journal/applsci,
accessed on 8 June 2021). This thematic issue was dedicated to the biological properties
of natural extracts and EOs, including their compounds’ potential mechanisms of action.
The Special Issue, now transformed into a book, comprises ten chapters with distinguished
authors’ significant contributions to the subject. All told, eight chapters are research papers,
while the remaining two are review papers.

Chapter 1 comprises the review entitled “Antioxidant and Antimicrobial Properties
of Selected Phytogenics for Sustainable Poultry Production” [1]. It regards phytogenic
products as alternatives to in-feed antibiotic growth boosters in poultry production. In ad-
dition, the review delivers exhaustive information regarding the integration of phytogenic
products into poultry diets in such a way as to improve feed utilization efficiency, decrease
feed–food competition, and enhance the contribution of these products to eradicating
hunger and food insecurity.

Chapter 2 (“Anti-Breast Cancer Activity of Essential Oil: A Systematic Review”)
evaluates the application of EOs compounds’ applications as an alternative to breast cancer
treatment [2]. In this chapter, the authors summarize terpenoids’ excellent anti-breast
cancer pharmacological effects. They conclude that EOs can be accessed as a primary or
adjuvant breast cancer treatment due to their highly effective nature and how rarely they
exhibit side effects.

Chapter 3 comprises a research paper titled “Anti-Yeast Synergistic Effects and Mode
of Action of Australian Native Plant Essential Oils” [3]. In this chapter, Alderees and
colleagues explore the efficacy of three Australian native EOs against weak-acid-resistant
yeasts: Tasmanian pepper leaf, lemon myrtle, and anise myrtle. The tested EOs exhibited
good anti-yeast and antibacterial activity. Furthermore, damage to the yeast cell mem-
brane, ion leakage, and cell organelles was identified as being the most probable mode
of action of Tasmanian pepper leaf and lemon myrtle EOs. Our findings suggest that

Appl. Sci. 2023, 13, 6570. https://doi.org/10.3390/app13116570 https://www.mdpi.com/journal/applsci
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potential applications exist for these products in the beverage and food industry as natural
antimicrobials [3].

Chapter 4 addresses “Essential Oil of Origanum vulgare var. aureum L. from Western
Romania: Chemical analysis, in vitro and in silico screening of its antioxidant activity” [4].
This noteworthy chapter was reserved for an Origanum genus member that has remained
insufficiently explored, Origanum vulgare var. aureum L. The authors proceeded by assessing
its EO chemical composition and antioxidant effects. The results of this investigation reveal
that gamma-terpinene (22.96%) and para-cymene (14.72%) are the main compounds of
the Origanum vulgare var. aureum essential oil (OEO) and that they demonstrate strong
scavenging effects on the DPPH and ABTS assays and higher relative antioxidant activity
in the beta-carotene/linoleic acid bleaching assay. Furthermore, in silico analysis results
reveal that their main compounds may be responsible for the oil’s antioxidant properties
by inhibiting the ROS-producing enzymes known as lipoxygenase (LOX), and xanthin
oxidase (XO).

Chapter 5 (“Chemical profile of Ruta graveolens, evaluation of the antioxidant and
antibacterial potential of its essential oil, and molecular docking simulations”) evaluate the
antimicrobial and antioxidant effects of the Ruta graveolens L. essential oil (RGEO) [5]. The
results contained in this chapter demonstrate that RGEO possesses broad-spectrum anti-
fungal and antibacterial effects and moderate antioxidant properties. Moreover, molecular
docking analysis shows that the RGEO can exert its antimicrobial activity by inhibiting the
D-Alanine-d-alanine ligase and generating an in vitro antioxidant effect via cumulative XO
and LOX inhibition. Therefore, the RGEO could comprise a new natural preservatives and
antioxidants source with diverse food and pharmaceutical industry applications.

Chapter 6 discusses the paper “Phytochemical profile, antioxidant and wound healing
potential of three artemisia species: in vitro and in ovo evaluation” [6]. This chapter
proposes using ethanolic extracts of three Artemisia species, Artemisia absinthium L., Artemisia
dracunculus L., and Artemisia annua L., as new efficient alternatives in injury therapy. The
results demonstrates that all three Artemisia species can be promising low-cost, polyphenol-
rich, antioxidant, and safe choices in injury treatment.

Chapter 7 is entitled “Studies Regarding the Antibacterial Effect of Plant Extracts Ob-
tained from Epilobium parviflorum Schreb” [7]. This chapter evaluates the phytochemical
contents of E. parviflorum Schreb. extracts (aqueous, hydroalcoholic, and ultrasonicated
hydroalcoholic) and their potential antibacterial activity. The chapter records that hydroal-
coholic extract have the highest content of polyphenols and flavonoids and possesses strong
antibacterial properties. Additionally, the study concludes that the amount of polyphenols
and flavonoids in the analyzed extracts directly influences the recorded antibacterial activity
(White Staphylococcus, Streptococcus mitis, Streptococcus sanguis, and Enterococcus faecalis).

Chapter 8 concerns the paper “Evaluation of genetic damage and antigenotoxic effect
of ascorbic acid in erythrocytes of Oreochromis niloticus and Ambystoma mexicanum using
migration groups as a Parameter”, which is marginally related to the topic of the Special
Issue [8]. In this chapter, Prof. Alvarez-Moya and his research team investigate the genetic
damage in erythrocytes of Oreochromis niloticus and Ambystoma mexicanum exposed to ethyl
methanesulfonate and ultraviolet C radiation. The results reveal that migration groups of
cell comets allow the detection of basal and induce genetic damage or damage reduction
with roughly the same tail length and tail moment parameters efficiency. These findings
suggest the usage of migration groups as a complementary parameter to evaluate DNA
integrity in species exposed to mutagens.

Chapter 9 comprises the article “Antibacterial activity of nanoparticles of garlic (Allium
sativum) extract against different bacteria such as Streptococcus mutans and Poryphormonas
gingivalis” [9]. The increasing mortality rate of infectious diseases confirms the necessity of
discovering alternative antibacterial agents to combat this threat to public health. Further-
more, garlic has been used as a medicinal plant with antibacterial properties for centuries.
Therefore, ultrasonicated garlic extract is analyzed to evaluate the antibacterial activity
against Escherichia coli, Poryphyromonas gingivalis, and Staphylococcus aureus sub. aureus,
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and Streptococcus mutans strains. The results demonstrate that the ultrasonicated garlic
extract is a potent antibacterial agent and can help in developing novel antibiotics against
bacteria that have developed resistance.

Chapter 10 is entitled “Effect of postharvest UV-C radiation on nutritional quality,
oxidation and enzymatic browning of stored mature date” [10]. This chapter aims to study
the influence of UV-C radiation (1, 3, and 6 kJ m−2) on preservation potential after harvest
of Deglet Nour dates during 5 months of storage (10 ◦C). The results showed that low-UV-C
radiation doses contribute to the enrichment of date fruit in terms of total polyphenols,
flavonoids, and tannins, increasing the antioxidant activity. The authors conclude that
UV-C radiation of Deglet Nour fruits may positively impact human health by increasing
the levels of certain bio-compounds, preserving their nutritional quality, and extending
their shelf-life.

The chapters of this book address the undeniable importance of using EOs as new
sources of bioactive compounds to eliminate the disadvantages generated by synthetic
food additives and unlock new opportunities in the treatment of diseases. However, some
challenges still need to be addressed, such as how to preserve their biological properties and
minimize the influence on the organoleptic properties of the foods they are incorporated
by, alongside testing their toxic effects or any harmful impact that may affect consumer
safety and health. Nevertheless, the chapters provided by this book signify a valuable
resource for researchers, decision makers, stakeholders, and professionals interested in
identifying, promoting, and developing new green antioxidants and preservatives for food-
related and pharmaceutical industrial applications. Moreover, following the success of this
Special Issue, a new issue, entitled “Antioxidant, Antibacterial and Anti-drug Ingredients
in Plants”, is now open for submissions.

Author Contributions: Conceptualization, C.J. and G.P.; writing—original draft preparation, C.J. and
G.P.; writing—review and editing, C.J. and G.P.; project administration, C.J. All authors have read
and agreed to the published version of the manuscript.

Acknowledgments: The guest editors thank all the researchers for delivering their work to this
Special Issue. We also thank all reviewers who contributed to the peer review process of submitted
manuscripts by improving their quality and impact.
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Essential Oil of Origanum vulgare var. aureum L. from Western
Romania: Chemical Analysis, In Vitro and In Silico Screening
of Its Antioxidant Activity
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Abstract: This investigation aims to assess the chemical composition and antioxidant properties of
Origanum vulgare var. aureum L. essential oil (OEO). The oil was obtained with a 0.34% (v/w dried
weight) yield and investigated by gas chromatography-mass spectrometry (GC–MS) analysis. The
main compounds of the OEO were found to be gamma-terpinene (22.96%), para-cymene (14.72%), ger-
macrene (11.64%), beta-trans-ocimene (9.81%), and cis-beta-ocimene (7.65%). Furthermore, individual
antioxidant assays 1,1-diphenyl-2-picrylhydrazyl (DPPH) and [2,2′-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium] (ABTS) radical scavenging activities and beta-carotene/linoleic acid
bleaching were carried out. OEO demonstrated better scavenging effects on the DPPH (IC50

93.12 ± 0.03 μg/mL) and ABTS (IC50 27.63 ± 0.01 μg/mL) assays (significantly lower IC50 values;
p ≤ 0.001) than ascorbic acid (IC50 127.39 ± 0.45 μg/mL). In the beta-carotene/linoleic acid bleaching
assay, the OEO exhibited a higher Relative antioxidant activity (RAA %) (82.36 ± 0.14%) but lower
compared with butylated hydroxyanisole (BHA) (100%), with no significant differences (p > 0.05)
observed. According to molecular docking results, the first two main compounds of the OEO, para-
cymene, and gamma-terpinene, may potentially contribute to the biological antioxidant activity of
the oil by inhibiting ROS (reactive oxygen species)-producing enzymes such as lipoxygenase and
xanthin oxidase. These experimental data suggest that OEO could represent a valuable new natural
antioxidant source with functional properties in the food or pharmaceutical industries.

Keywords: antioxidant activity; essential oil; golden oregano; molecular docking; Origanum vulgare
var. aureum L.; steam distillation

1. Introduction

Food deterioration during storage is a major environmental issue and concern of
the food industry that generates over a billion tons of food waste and USD 940 billion
in economic losses annually [1]. One of the leading causes of food degradation is lipid
oxidation which generates off-flavors and loss of nutrients in fat-containing foods. Several

Appl. Sci. 2023, 13, 5076. https://doi.org/10.3390/app13085076 https://www.mdpi.com/journal/applsci
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techniques can be adopted to decrease auto-oxidation, such as preventing oxygen access
by employing suitable packaging materials, storing food products at lower temperatures,
or inactivating enzymes catalyzing oxidation [2]. However, these methods are not always
applicable or economic from nutritional and technological points of view [3]. Therefore,
using food antioxidants, especially synthetic ones, has become indispensable in prolonging
the shelf-life of foodstuffs.

The modern food consumer does not perceive food as basic nutrition alone but also for
the health benefits it can generate. Furthermore, the suspicions regarding the harmful effects
on human health of synthetic antioxidants such as gallic acid esters (e.g., propyl gallate,
octyl gallate, and dodecyl gallate), butylhydroxytoluene (BHT) or butylated hydroxyanisole
(BHA) [4–6] have led to increased consumer demands for minimally processed foods with
clean, easy-to-read labels and long shelf lives. Consequently, in the last few decades,
the food industry companies were urged to access natural extracts as a source of food
additives to preserve food safety without harming consumers’ health. Through their
extracts, especially essential oils (EO), aromatic and medicinal plants are a valuable source
of biologically active compounds [7–9]. Moreover, recent investigations have revealed
that EOs possess promising biological properties, such as antioxidant, antimicrobial, and
antiviral effects [8,10–12], recommending them as an alternative to synthetic food additives.

The Origanum (Lamiaceae) genus is an annual, perennial, and shrubby herb exten-
sively found in the Mediterranean region [13]. Origanum is classified into three groups, ten
sections and thirty-eight species (six subspecies and seventeen hybrids) [14]. Two commer-
cially important varieties, Origanum vulgare subsp. hirtum (Greek oregano) and Origanum
onites (Turkish oregano) are also among the most marketed and used spice plants [14–16].
The flavoring properties of oregano are mainly associated with its aromatic substances,
especially its EO [14,17]. Carvacrol is the main volatile oil compound in oregano herbs,
responsible for the characteristic "oregano" scent. Other compounds that dominate the
EOs of genus members are thymol, para-cymene, and gamma-terpinene. Several inves-
tigations reported that oregano oil has a powerful antimicrobial effect against bacteria,
yeast, and fungi. Furthermore, EOs extracted from Origanum sp. are known to possess
cytotoxic activities against cancer cells, to protect cells from reactive oxygen species (ROS)
degradation, and to generate an antioxidant and anti-inflammatory biological effect via
key enzymes (lipoxygenase) inhibition [18,19]. Also, oregano oil possesses antioxidant
properties effective in slowing color loss and lipid oxidation in fatty foods and scavenging
free radicals [20–22].

However, some genus members remain insufficiently studied, such as Origanum
vulgare var. aureum L., for which scientific literature provides insufficient data about its
EO antioxidant properties. Furthermore, the probable mechanism of action against lipid
oxidation of Origanum vulgare var. aureum essential oil (OEO) has not been investigated
previously. Considering the background, we aimed to investigate the chemical composition
and evaluate the antioxidant properties of OEO. Moreover, we aimed to analyze in silico
the antioxidant biological effects based on the inhibitory capacity of OEO components
against key enzymes involved in producing reactive oxygen species utilizing a molecular
docking-based approach.

2. Materials and Methods

2.1. Raw Material and Chemicals

O. vulgare var. aureum L. stems, leaves, and flowers were harvested at full blossom from
the village of Ludes, ti de Jos, Hunedoara County (Romania) (45◦05′ N 22◦19′ E) in July 2021.
A voucher specimen (VSNH.BUASTM-93/2) was taken in the Herbarium of the Faculty of
Agronomy, University of Life Sciences “King Michael I” from Timis, oara. Anhydrous sodium
sulphate (Na2SO4), potassium persulfate (K2S2O8), hexane, methanol, chloroform, ethanol,
and ascorbic acid were obtained from Sigma-Aldrich (Germany). In addition, 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH), β-carotene, 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic
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acid) diammonium salt (ABTS), C8-C20 alkane standard mixture and butylated hydroxyanisole
(BHA) were obtained from Merck Company (Darmstadt, Germany).

2.2. Extraction of OEO

The collected specimens were air dried in the dark at laboratory temperature (end
of 2021/beginning of 2022) and cut into ca. 1.5 cm long parts before the distillation.
OEO was obtained by steam distillation operating a modified Craveiro-type apparatus
described previously by Jianu et al. [23]. After extraction, the OEO was collected, dried over
anhydrous Na2SO4, and kept in amber-sealed vials (−18 ◦C) for future analysis (yielding
0.34% v/w).

2.3. Gas Chromatography-Mass Spectrometry Analysis

This assay was performed on a gas chromatograph (HP6890 Gas-Chromatograph)
coupled with a mass spectrometer (HP5973 Mass Spectrometer). The oil sample was diluted
1:1000 in hexane before 1 μL was injected in a splitless mode. The sample passed through a
capillary Br-5MS column with a 5% Phenyl-arylene-95% Dimethylpolysiloxane phase; the
column was 30 m long, with a 0.25 mm internal diameter, 0.25 μm film thickness (Bruker,
Billerica, MA, USA), with a helium flow rate of 1 mL/min. The column was heated at a
program starting from 50 ◦C to 300 ◦C at 6 ◦C/min, where the final hold was 5 min. The
MS Quad temperature was set at 150 ◦C, and the ionization energy was 70 eV. After 3 min,
solvent delay started scanning compounds between 50 to 550 amu. The resulting peaks
represented compounds found in the oil sample and were identified by comparing their
mass spectra with the ones from the NIST2.0 library (USA National Institute of Science and
Technology software, Version NIST 2.0 library). The percentage area of each compound was
calculated by dividing its area by the total area and multiplying by 100. Furthermore, their
retention indices (RIs) were calculated using the linear equation obtained from a calibration
curve of a standard alkane C8-C20 and then compared to previously published values in
the literature to confirm the identity of the identified components [24].

2.4. Antioxidant Activity by 1,1-Diphenyl-2-Picrylhydrazyl (DPPH) Radical Scavenging Assay

A DPPH radical scavenging assay was conducted using the stable radical DPPH [25].
A methanolic solution of DPPH radical at different concentrations, from 1.5 mg/mL to
2.93 μg/mL, was prepared. A ratio of 1:10 DPPH/sample (v/v) was plated in triplicates
on 96 well plates and incubated in the dark at room temperature. After a 30 min reaction
period, absorbances were registered at 515 nm on a spectrophotometer Tecan i-control,
1.10.4.0 infinite 200Pro. BHA and ascorbic acid were used as positive controls. The following
equation computed the DPPH scavenging activity: % DPPH scavenging activity = (Ablank
− AOEO)·100/Ablank, where: Ablank and AOEO are the absorbances of the control and the
tested oil. IC50 (μg/L) value, defined as the concentration of oil required to scavenge the
formation of 50% of free radicals, was calculated using the BioDataFit 1.02 program (Chang
Broscience Inc, Castro Valley, CA, USA) and expressed as means ± standard deviation (SD)
of three independent experiments.

2.5. Antioxidant Activity by [2,2′-Azinobis(3-Ethylbenzothiazoline-6-Sulfonic Acid)
Diammonium] (ABTS) Radical Scavenging Assay

ABTS radical scavenging activity was conducted using the method previously reported
by Rădulescul et al. (2021) [26] with a slight modification. Briefly, ABTS (7.0 mM) and
K2S2O8 (2.5 mM) were added to an amber-colored bottle for the preparation of ABTS
cation (ABTS+) and kept in the dark for 14 h at 21 ◦C. First, the ABTS+ solution was
diluted in ethanol (approximately 1:80) to an absorbance of 0.700 ± 0.035 at 734 nm [27].
Subsequently, 100 μL of the OEO in methanol, with various concentrations (from 1.5 mg/mL
to 9.3 μg/mL), were mixed with 1 mL of ABTS+ solution. The absorbances were measured
at 734 nm after 30 min (at 21 ◦C in the dark). BHA and ascorbic acid served as positive
controls. Finally, the ABTS scavenging activity was analyzed by IC50 (μg/L) value as the
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inhibitory concentration of the OEO required to scavenge the formation of 50% of ABTS,
expressed as means ± standard deviation (SD) of three independent experiments.

2.6. Beta-Carotene/Linoleic Acid Bleaching Assay

The β-Carotene/Linoleic acid bleaching test was assessed employing the method
described by Rădulescu et al. (2021) [26]. First, a stock solution of β-carotene was obtained
by dissolving 0.5 mg β-carotene in 1 mL of CHCl3, 25 μL linoleic acid, and 200 mg Tween
40. A vacuum rotary evaporator removed chloroform under a vacuum (at 40 ◦C for 5 min),
and then 100 mL of distilled water was added to the residue to form a transparent yellowish
emulsion. Next, 350 μL of oil in methanol (2 mg/mL) was stirred exhaustively with 2.5 mL
of β-carotene stock solution and incubated for 48 h at 21 ◦C. The same methodology was
repeated for the synthetic antioxidant (BHA) serving as positive control and a blank sample
(350 μL of methanol). After this incubation period, the absorbance of the samples was
read at 490 nm in three independent experiments. The following equation computed the
Relative Antioxidant Activity (RAA %): RAA = AOEO/ABHA, where AOEO and ABHA are
the absorption of OEO and the absorbance of the BHA, respectively.

2.7. In Silico Prediction of Bioactivity and Molecular Docking Studies

Molecular docking simulations were performed using a method previously described [23].
In brief, docking targets were optimized using the 3D crystallographic structure of proteins
available from the RCSB Protein Data Bank [28] (Table 1). The 38 OEO components were
downloaded from the Pubchem repository [29] as SDF files and were later converted to
PDBQT files using Autodocktools [30]. The PyRx v0.8 virtual screening software (The Scripps
Research Institute, La Jolla, CA, USA) and Vina’s embedded scoring function [31] were used
for molecular docking. Each input molecular structure’s target protein was docked with the
default number of conformers (eight per each ligand structure). The structure of each protein
native ligand (NL) (Table 1) was retrieved from their respective PDB file and converted to the
PDBQT format as described above. In order to validate our protocol, the calculated root means
square deviation (RMSD) between predicted and actual native ligand docking conformation
for every case could not exceed a 2 Å threshold. The coordinates and size of the docking
grid box were selected to match the active binding domain (Table 1) perfectly. The software
generated ΔG binding energy values (kcal/mol) as docking scores for each docked molecule.
Protein-ligand binding interactions were also investigated using Accelrys Discovery Studio
4.1. (Dassault Systems BIOVIA, San Diego, CA, USA).

Table 1. Docking parameters used for the in silico evaluation of the 38 OEO components.

Protein PDB ID Native Ligand
Grid Box Center

Coordinates and Size (Å)

Lipoxygenase 1N8Q

Protocatechuic acid

center_x = 20.6778
center_y = 2.2697
center_z = 19.5423

size_x = 8.5358
size_y = 9.1096
size_z = 9.9453

8



Appl. Sci. 2023, 13, 5076

Table 1. Cont.

Protein PDB ID Native Ligand
Grid Box Center

Coordinates and Size (Å)

CYP2C9 1OG5

S-Warfarin

center_x = −20.4200
center_y = 85.2723
center_z = 38.2181

size_x = 9.6524
size_y = 10.6625
size_z = 11.5535

NADPH-oxidase 2CDU
NN

O

OPO

P

OH
OH

O

OH

O

OH

OH

N

NH2

N

Adenosine-5’-diphosphate

center_x = 18.4683
center_y = −5.1659
center_z = −0.0901

size_x = 12.3286
size_y = 15.3831
size_z = 15.1287

Xanthine oxidase 3NRZ

Hypoxanthine

center_x = 37.6450
center_y = 19.2898
center_z = 17.5578
size_x = 11.6388
size_y = 9.8519
size_z = 10.1251

Myeloperoxidase 5QJ2

7-{[3-(1-methyl-1H-pyrazol-3-yl)
phenyl]methoxy}-1H-[1,2,3]triazolo[4,5-

b]pyridin-5-amine

center_x = −20.1951
center_y = 11.9649
center_z = 32.9278

size_x = 9.7712
size_y = 12.5445
size_z = 11.9903

2.8. Statistical Analysis

Conventional statistical methods were employed to compute the mean ± standard
deviation (SD) of three independent experiments carried out separately for the antiox-
idant activity assays. In addition, a post hoc test (Tukey) was applied to compare the
significant differences between the mean values obtained from the antioxidant activity
measurements, with a significance of 0.05 (p < 0.05). Analysis was performed using the
IBM SPSS 25.0 package (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. OEO Yield and Chemical Composition

A greenish-yellow oil with a pungent smell was obtained from dry O. vulgare var.
aureum L. (stems, leaves, and flowers), with a 0.34% (v/w) yield. Our results agree with
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those mentioned in the literature, which record yields of obtaining EOs from different
oregano species as lower than 1% [32].

Table 2 summarizes the chemical compositions of the EO isolated from O. vulgare
var. aureum L. by steam distillation. The GC-MS analysis identified 38 compounds in
the analyzed sample (Figure 1), with gamma-terpinene (22.96%), para-cymene (14.72%),
germacrene (11.64%), beta-trans-ocimene (9.81%), and cis-beta-ocimene (7.65%) as main
compounds of the oil (Table 2). In addition, beta-linalool (3.61%), isothymol methyl ether
(3.34%), beta-phellandrene (2.44%), beta-caryophyllene (2.35%), alpha-terpinene (1.84%),
beta-cadinene (1.78%), alpha-farnesene (1.55%), (-)-spathulenol (1.35%), beta-myrcene
(1.31%) and alpha-himalachene (1.29%) were identified in smaller quantities.

Table 2. Chemical composition of OEO as determined by GC-MS analysis.

No. Compound Name MW (g/mol) RIexp. Area %

1 Alpha-thujene 136.23 912 0.83

2 Alpha-pinene 136.23 919 0.35

3 Camphene 136.23 934 0.16

4 Beta-phellandrene 136.23 955 2.44

5 Beta-pinene 136.23 960 0.26

6 Beta-myrcene 136.23 970 1.31

7 Alpha-phellandrene 136.23 987 0.15

8 3-Carene 136.23 990 0.05

9 Alpha-terpinene 136.23 998 1.84

10 Para-cymene 134.21 1007 14.72

11 Beta-terpinyl acetate 196.29 1011 0.35

12 Beta-trans-ocimene 136.23 1018 9.81

13 Cis-beta-ocimene 136.23 1030 7.65

14 Gamma-terpinene 136.23 1044 22.96

15 Beta-linalool 154.25 1087 3.61

16 Isothymol methyl ether 164.24 1243 3.34

17 Dihydroedulan 194.31 1299 1.01

18 Carvacrol 150.22 1309 0.62

19 Alpha-cubebene 204.35 1363 0.06

20 Alpha-copaene 204.35 1394 0.27

21 Beta-bourbonene 204.35 1402 0.97

22 Beta-elemene 204.35 1408 0.71

23 Beta-caryophyllene 204.35 1439 2.35

24 Beta-cubebene 204.35 1450 0.45

25 Alpha-caryophyllene 204.35 1476 0.46

26 Alloaromadendrene 204.35 1481 0.75

27 Germacrene D 204.35 1503 11.64

28 Gamma-elemene 204.35 1517 0.98

29 Alpha-muurolene 204.35 1520 0.52

30 Alpha-farnesene 204.35 1525 1.55
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Table 2. Cont.

No. Compound Name MW (g/mol) RIexp. Area %

31 Alpha-himalachene 222.37 1529 1.29

32 Gamma-cadinene 206.37 1534 0.51

33 Beta-cadinene 206.37 1540 1.78

34 (-)-Spathulenol 220.35 1595 1.35

35 Caryophyllene oxide 220.35 1600 0.35

36 Alpha-cadinol 222.37 1669 0.49

37 Chamazulene 184.28 1735 0.14

38 Isoaromadendrene epoxide 220.35 1806 0.51

Total identified
(%):

98.59%

The retention experimental (RIexp.) was determined on a Br-5MS column using a homologous series of n-alkanes
(C8-C20); MW—molecular weight.

Figure 1. Gas chromatogram of OEO from western Romania.

Popa et al. [33] reported linalool (26.54%), para-cymene (20.81%), and gamma-terpinene
(13.73%) as the major compounds for the oil isolated from Romanian O. aureum. Fur-
thermore, high contents of linalool (25.5%), para-cymene (20.7%), and gamma-terpinene
(15.66%) were also documented for the golden oregano oil by Moisa et al. [34]. In contrast,
the oil obtained from Polish O. aureum contained mainly cis-sabinene hydrate (18.7%),
germacrene D (16.5%), and thymol (12.2%), respectively [35]. The variability of oil con-
tent and the chemical composition of the oregano herbs EOs is strongly dependent on
the environment and local conditions of the plants, climatic conditions, and geographical
distribution of the plant collections, as previously documented [35–38].
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3.2. Assessment of Antioxidant Activity

It is well-known that free radicals initiate the process of lipid peroxidation and the
propagation of the chain of radical structures. Therefore, several methods have been devel-
oped to determine compounds’ antioxidant properties [39–41]. For example, 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) radical
(ABTS) assays are two spectrophotometer techniques widely employed for assessing the
antioxidant properties of natural extracts. Briefly, the DPPH method is based on reducing
the purple DPPH radical to 1,1-diphenyl-2-picryl-hydrazine (DPPH-H). In contrast, the
ABTS method implicates the reduction or radical scavenging of a blue/green ABTS rad-
ical to a colorless sulfonic acid [42]. Butylated hydroxyanisole (BHA) and ascorbic acid
were used as the positive control. The IC50 values were computed employing BioDataFit
1.02 program (Chang Broscience Inc, Castro Valley, CA, USA). In our study, OEO reduced
the stable free radical DPPH with an IC50 value of 93.12 ± 0.03 μg/mL (Table 3). Tukey’s
test shows that the OEO’s DPPH values are significantly lower than ascorbic acid (p < 0.01).
Previously, Popa et al. documented low antioxidant capacity for Romanian O. vulgare
var. aureum volatile oil, with a 58.18 ± 0.07% inhibition [33]. Comparable effects were
reported by Moisa et al. for oils isolated from O. vulgare var. aureum leaves and flowers
with 63.1 ± 0.7% and 66.4 ± 2.23% inhibitions [34]. Better results were documented for
oils extracted from O. vulgare var. aureum stems and whole plant, respectively, with inhibi-
tions ranging between 80.3 ± 0.01% to 88.6 ± 0.1% [34]. However, because of the various
modes of result expression used in different studies, directly comparing our findings with
those reported in the literature is difficult. Nevertheless, the DPPH radical scavenging
ability registered for the studied OEO is in accord with those previously described for
O. vulgare (46.66–97.61 μg/mL), Poliomintha longiflora (83.70 ± 4.12 μg/mL), O. onites L.
(116.74–132.93 μg/mL) and O. syriacum (91.45 ± 2.30 μg/mL) EOs [43–46].

Table 3. The antioxidant activity of essential oil extracted from O. vulgare var. aureum.

Samples Tested

Parameters

DPPH, IC50 (μg/mL) ABTS, IC50 (μg/L)
β-Carotene/Linoleic
Acid (% Inhibition

Rate)

OEO 93.12 ± 0.03 27.63 ± 0.01 82.36 ± 0.14

BHA 10.11 ± 0.01 8.71 ± 0.01 100

Ascorbic acid 127.39 ± 0.45 35.89 ± 0.05 n.d.
n.d.—not determined.

In the ABTS assay, OEO exhibited a good ability to scavenge the ABTS radical (IC50
27.63 ± 0.01 μg/mL) (Table 3), significantly more potent (p < 0.01) than standard ascorbic
acid (IC50 35.89 ± 0.05 μg/mL) according to the Tukey’s test. In contrast, BHA revealed
significantly (p < 0.001) higher antioxidant capability (IC50 8.71 ± 0.01 μg/mL) compared
to OEO and ascorbic acid. Nevertheless, our results reveal that OEO was more effective
in scavenging ABTS radicals than other oregano species: O. tyttanthum, O. compactum, O.
vulgare, and L. graveolens [47–50].

Previously published research investigating the DPPH and reactive oxygen species
scavenging capability of different extracts discovered that these extracts have similar
scavenging performance in both cases [51,52]. This is to be expected, given that it is
dependent on the extract components’ capacity to reduce free radicals. Based on this,
OEO could be a good source of antioxidants that can also quench endogenous reactive
oxygen species.

The beta-carotene/linoleic acid bleaching assay is based on the discoloration of beta-
carotene determined by its reaction with the radicals resulting from the oxidation of linoleic
acid in an emulsion. The presence of an antioxidant can delay the rate of beta-carotene
discoloration. Table 3 displays the inhibition of beta-carotene bleaching by the OEO and the
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positive control used (BHA). In the case of the beta-carotene-linoleic acid bleaching assay,
OEO was able to inhibit the linoleic acid oxidation (82.36 ± 0.14%) effectively but lower
than BHA (100%) (p > 0.05). No previous investigations were documented concerning OEO
activity in the beta-carotene/linoleic acid system to allow us to make direct comparisons.

3.3. In Silico Prediction of the Mechanism by Molecular Docking Analysis

In recent years, computer simulation methods such as molecular docking and molecu-
lar dynamics simulation have been widely used to study structure-function relationships
and interaction mechanisms [53,54].

The OEO’s potential protein-targeted antioxidant effect was evaluated using molecular
docking. The obtained docking scores for the 38 OEO components are depicted in Table 4.

Table 4. Docking scores for compounds 1–38 (binding energy, kcal/mol); compounds with better
docking scores than the target native ligand score is highlighted.

Target PDB ID 1N8Q 1OG5 2CDU 3NRZ 5QJ2

Docked OEO
Component ID

Binding Free Energy ΔG (kcal/mol)

Native ligand −5.7 −9.8 −9.3 −6.7 −8.5
1 −6.4 −5.7 −5.5 −5 −6.3
2 −5.3 −5.6 −5.1 −0.9 −5.6
3 −4 −5.6 −5.2 0.1 −5.7
4 −5.7 −6.2 −5.8 −6.5 −6
5 −5 −5.6 −5.2 −0.9 −5.8
6 −5.5 −5.4 −5 −5.8 −5.5
7 −5.7 −6.2 −5.6 −6.6 −6.3
8 −6.4 −5.7 −5.5 −2.8 −6.1
9 −5.9 −6.1 −5.6 −6.7 −6.4
10 −5.9 −6.2 −5.7 −7 −6.5
11 −3.1 −6.6 −5.8 −2.7 −6.5
12 −5.2 −5.5 −5.2 −6.2 −5.7
13 −4.9 −5.5 −5 −5.8 −5.6
14 −5.7 −6.2 −5.6 −6.8 −6.5
15 −4.9 −5.3 −5.2 −5 −5.8
16 −4.6 −6.3 −6.1 −6.9 −6.4
17 −2.2 −7.1 −6.3 1.4 −7.1
18 −6 −6.2 −6 −7.1 −7
19 −1.7 −7.3 −6.6 2.7 −7.7
20 −2.4 −7.5 −6.3 2.1 −7.3
21 −3.9 −7 −7 −1.5 −7.7
22 −2.3 −7.1 −6.4 −1.2 −6.9
23 −2.9 −7.4 −6.9 1.6 −7
24 −1.7 −7.5 −6.5 2.9 −7.7
25 −1.2 −7.1 −5.9 3.4 −6.8
26 −1.2 −7.4 −6.5 5.5 −7.3
27 −2.2 −7.4 −6.5 −1.4 −7.6
28 −1.1 −7 −5.8 −0.1 −7.2
29 −2.6 −7.2 −6.3 6.2 −7.3
30 −4.1 −6.8 −6.2 −7.3 −6.5
31 0.2 −7.3 −6.5 9.9 −7.3
32 −3.5 −7.2 −7.2 −1.6 −7.3
33 −3 −7.5 −7.4 −1.3 −7.6
34 0.5 −7.1 −6.5 5.9 −6.9
35 −0.9 −7.4 −6.5 5.1 −6.5
36 −2.3 −7.1 −6.9 −0.3 −6.9
37 −4.9 −7.9 −7.5 −6.1 −7.8
38 −0.2 −7.2 −7.1 6.8 −7

Background color explicitly presents the results obtained.
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Our in silico-based method aimed to identify protein targets that can be inhibited by
multiple components of our OEO or, at the very least, by the EO’s major constituents. In
order to achieve this goal, all 38 OEO components were investigated in silico for their in-
hibitory potential against proteins involved in producing reactive oxygen species (ROS) [55].
The proteins selected for the docking-based virtual screening of the OEO components were
Lipoxygenase, CYP2C9, NADPH-oxidase, Xanthine oxidase, and Myeloperoxidase. Dock-
ing scores show that of the five investigated proteins, two cases stand out (lipoxygenase—
1N8Q and xanthine oxidase—3NRZ), where several components recorded the same or
better docking scores than the respective protein’s NL score. However, in potentially
assessing a biological effect of a multicomponent mixture such as the present OEO, one
must consider the quantity of each molecule in that mixture.

Figuring out correlations between docking scores is challenging since every protein has
distinct binding site features, and native ligands yield different docking scores, resulting
in varying control values for each score set. To compensate for these drawbacks, we
determined each docking score as a percentage of its corresponding native ligand’s score
(considered 100%). These percentages were illustrated as a radar chart, with the scores for
every compound being indicated by plot lines while the protein targets formed the chart’s
corners. Compounds with a calculated percentage of 10% or below were all assigned a 10%
value because positive ΔG values would give negative percentages, and the centre of the
chart would become crowded and unintelligible. When a chart plot line stretches toward
a specific protein target corner, this would indicate that the oil components scored close
to or higher than that protein’s NL. The final result should reveal the most likely targeted
protein by the EO’s constituents.

Given that a particular compound may have excellent docking scores, but only a small
quantity of that molecule is contained in the volatile oil, we first plotted the components
that exceed 1% of the oil content (Figure 2A). Aside from a few compounds, the same trend
can be seen in this figure, where most constituents show higher affinity towards the same
two proteins (lipoxygenase—1N8Q and xanthine oxidase—3NRZ) where compounds regis-
tered higher docking scores than the native ligands used as positive controls in this setting.
If further compounds are removed from the same chart so that only major components that
exceed a 5% weight content of the OEO remain, the trend, as mentioned earlier, becomes
more visible. Aside from compound 27 (Germacrene D), which performed poorly against
all five proteins, compounds 10 (para-cymene) and 14 (gamma-terpinene) stand out as
the most abundant OEO components that also performed better than the native ligands
when docked in both lipoxygenase (1N8Q) and xanthine oxidase (3NRZ). It was previously
demonstrated that para-cymene has antinociceptive and anti-inflammatory activity associ-
ated with lipoxygenase inhibition [56]. Another study investigating the antioxidant activity
of thyme oils found that the EO’s lipoxygenase inhibition was primarily due to thymol,
para-cymene, and linalool [57]. Similarly, gamma-terpinene was previously reported as
an in vitro lipoxygenase inhibitor [58]. Given their highly similar structures, except for
para-cymene having an aromatic ring and gamma-terpinene having a cyclohexadiene
ring, both compounds exhibit a similar binding pattern within the lipoxygenase binding
domain near the iron site, where both compounds interact through multiple hydrophobic
interactions with the surrounding amino acids (Figure 3).

No relevant literature is available regarding the direct inhibition activity of para-
cymene against xanthine oxidase. However, in the case of gamma-terpinene, a study
investigating the antioxidant and xanthine oxidase inhibitory activity of various sunflower
essential oils discovered the monoterpene, as mentioned above, as one of the EO’s major
constituents. According to a Pearson correlation analysis, gamma-terpinene was one
of the constituents associated with antioxidant and anti-xanthine oxidase activity [59].
Similar to the previous case, both compounds exhibit nearly the same conformation in the
active domain of xanthine oxidase, interacting with the same amino acids via hydrophobic
interactions. The binding patterns shown by both compounds are depicted in Figure 4.
Given that six compounds scored higher than the co-crystallized ligand (the endogenous
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hypoxanthine) in the case of xanthine oxidase, five of which are major components of OEO,
accounting for approximately half of the OEO weight content, we can easily predict that
the oil could have a significant inhibitory activity towards xanthine oxidase.

Figure 2. Graphical representation of docking scores related to antioxidant protein targets, corre-
sponding to the components above 1% of the OEO content (A) and OEO constituents above 5% of the
OEO content (B) (representing above 65% of the volatile oil); lines are generated for each compound
based on the docking scores calculated for each target protein as a percentage of the NL’s docking
score used as the positive control (100%); the lines and are plotted as series in a radar chart, where
the proteins represent the corners of the chart.
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Figure 3. Lipoxygenase (1N8Q) structure in complex with docked compound (A) para-cymene
(cyan) and (B) gamma-terpinene (gold) with interacting amino acids (grey sticks) via hydrophobic
interactions (pink-dotted lines). Interatomic length between interacting atoms varied between 3.53–
5.63 Å.

Figure 4. Xanthine oxidase (3NRZ) structure in complex with docked compound (A) para-cymene
(cyan) and (B) gamma-terpinene (gold) with interacting amino acids (grey sticks) via hydrophobic
interactions (pink/purple-dotted lines). Interatomic length between interacting atoms varied between
3.61–5.21 Å.

4. Conclusions

The present investigation demonstrated that OEO revealed better antioxidant proper-
ties (significantly lower IC50 values; p ≤ 0.001) than ascorbic acid in vitro assays, such as
DPPH and ABTS radical scavenging. Furthermore, according to molecular docking results,
the first two major components of the volatile oil, para-cymene and gamma-terpinene,
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may contribute to the EO’s biological antioxidant activity by inhibiting ROS-producing
enzymes such as lipoxygenase and xanthin oxidase. Due to the effective antioxidant activity
recorded by OEO, it can represent a new natural source of antioxidants with potential
applications in the food or pharmaceutical industry. However, further investigations are
needed to elucidate the mechanism of action against oxidation reactions and to establish
the safety of usage doses.
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Abstract: The comet assay system is an efficient method used to assess DNA damage and repair;
however, it currently provides the average result and, unfortunately, the heterogeneity of DNA
damage loses relevance. To take advantage of this heterogeneity, migration groups (MGs) of cell
comets can be formed. In this study, genetic damage was quantified in erythrocytes of Oreochromis
niloticus and Ambystoma mexicanum exposed to ethyl methanesulfonate (ethyl methanesulfonate (EMS)
2.5, 5, and 10 mM over two hours) and ultraviolet C radiation (UV-C) for 5, 10, and 15 min using the
tail length, tail moment, and migration group parameters. Additionally, blood cells were exposed
to UV-C radiation for 5 min and treated post-treatment at 5, 10, and 15 mM ascorbic acid (AA) for
two hours. With the MG parameter, it was possible to observe variations in the magnitude of genetic
damage. Our data indicate that MGs help to detect basal and induced genetic damage or damage
reduction with approximately the same efficiency of the tail length and tail moment parameters. MGs
can be a complementary parameter used to assess DNA integrity in species exposed to mutagens.

Keywords: comet assay; migration groups; bioassays; genetic damage; ascorbic acid

1. Introduction

The comet assay system can evaluate DNA damage and repair [1–4] and, due to its
great sensitivity, versatility, and rapidity [5,6], has become a valuable tool for understanding
the mechanism of action of chemical, physical, or biological agents [7]. It can detect and
quantify genetic damage in individual cells, allowing information to be obtained on the
heterogeneity of DNA damage or repair within a subpopulation of cells [8–11]. The
heterogeneity of genetic damage has been defined as the variance of DNA damage [12]
and was first demonstrated by Ostling and Johanson [13] who observed that the variable
cellular penetration of an anticancer substance caused the appearance of undamaged cells
as well as cells with extensive DNA break. These studies indicated that the heterogeneity
of genetic damage could reflect the variation of DNA lesions from one cell to another in
the same population [14]. The heterogeneity in DNA migration allowed the observation of
responses of small subpopulations to various treatments [12,15] as well as its relationship
with cell size, differences in sensitivity to genotoxic agents, or differences in the type of
manifested genetic damage [2,10,15–17].

Two classifications were reported in 1995 that used DNA damage heterogeneity to
form cell groups with different degrees of damage by visual scoring [18,19]. Visual scoring
implies the categorization of comets according to the intensity of the tail and among its
advantages were its simplicity, speed, low cost, and the quantification of genetic damage
without the use of sophisticated image analysis programs [20]. This proved to be compara-
ble with computerized analysis programs [21]. However, despite these research advances,

Appl. Sci. 2022, 12, 7507. https://doi.org/10.3390/app12157507 https://www.mdpi.com/journal/applsci
21



Appl. Sci. 2022, 12, 7507

it is currently considered that the full potential of the comet test to detect heterogeneity
in response to genetic damage has not been exploited, since only the average result is
used and heterogeneity loses relevance [10,22]. Reynoso-Silva et al. [22] proposed a new
parameter to detect genetic damage, called MGs, which take advantage of the heterogeneity
of genetic damage and do not use only the average migration of the tail. It is based on
the formation of groups of comets with a similar tail length and allows the use of visual
scoring analysis and computerized programs. It was also was observed that the number
of MGs is directly proportional to the genetic damage as well as the concentration of the
genotoxic agent. MGs have not been deeply studied and could be related to the different
sensitivities of cells in response to DNA damage and/or repair due to a specific agent [22]
so it is necessary to investigate the advantages that this new parameter can have. Here,
the comet assay system was used to evaluate the genetic damage induced by EMS and
UV-C, as well as the post-treatment protective effects of AA in UV-C-exposed blood cells of
Oreochromis niloticus and Ambystoma mexicanum using the tail length, the tail moment, and
the MG parameter.

2. Materials and Methods

2.1. Chemical and Physical Agents

EMS (CAS 66-27-3) y AA (CAS 50-81-7) were obtained from Sigma Chemical Co.
(Guadalajara, Jalisco, México). Dimethyl sulfoxide (DMSO, CAS 67-68-5) and disodium
salt EDTA (CAS 60-00-4) were obtained from J.T. Baker (Ciudad de México, México). UV-C
radiation was generated from a 254 nm wavelength lamp with a force of 10 volts, which
was placed at a distance of 70 cm from the slides containing the blood cells (BCs).

2.2. Obtaining and Preparing the Sample
2.2.1. Ambystoma Mexicanum Blood Cells

Eight specimens of Ambystoma mexicanum were acquired from an Environmental Man-
agement Unit and were kept in captivity following the recommendations of the Basic
Manual for the captive care of the Xochimilco de González y Zamora axolotl [23]. The
axolotls were acclimatized in 50 L fish tanks with tap water under dark conditions with the
following physicochemical conditions: salinity—0, temperature—15 ± 2 ◦C, pH—7.3 ± 0.2,
and dissolved oxygen—8.1 ± 0.5 mg/L. They fed red worm and brine shrimp on alternate
days. From each specimen, 100 μL of the whole blood was collected through a cut of ap-
proximately 5 mm of the third right branchial arch [24] and placed in a test tube containing
4 mL of phosphate solution (PBS) (160 mM NaCl, 8 mM Na2HPO4, 4 mM NaH2PO4, and
50 mM EDTA, pH 7) and immediately centrifuged at 3000 rpm for 5 min. The supernatant
was removed and the pellet was suspended in 1 mL of PBS and immediately at 4 ◦C until
use. Positive and negative controls were used as recommended [25].

2.2.2. Oreochromis niloticus Blood Cells

The fish obtained from the National Genomic Bank were acclimatized in aquariums of
5000 L of tap water following the recirculation of air, under a natural photoperiod with the
following physicochemical conditions: salinity—0, temperature—20 ± 1 ◦C, pH—7.3 ± 0.2,
and dissolved oxygen—8.1 ± 0.5 mg/L. Fish were fed fish roe every other day. Blood was
extracted by gill puncture from samples 15–23 cm in length. Then, 100 μL of blood sample
was obtained from each individual and treated as mentioned in axolotls.

Use in animals was in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council 1996). The specimens were sacrificed following the
recommendations of Close et al. [26] and NOM-062-ZOO-1999 [27]. All procedures in both
species were approved by the Institutional Ethics Committee.
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2.3. Blood Cell Treatment
2.3.1. EMS and UV-C-Induced Genetic Damage

Next, 50 μL of each cell suspension, previously obtained, was mixed in individual
tubes v/v with EMS-PBS solution, taking care of the final concentrations of EMS 2.5, 5, and
10 mM and that of PBS, for 2 h at 4 ◦C. At the end of the time, two centrifugations were
carried out at 3000 rpm for 10 min with PBS to completely eliminate the genotoxic residues.
Finally, the precipitate was re-suspended in 0.5 mL of PBS and stored at 4 ◦C until it was
used in the comet test.

To evaluate the genetic damage induced by UV-C, the slides were prepared with
agar containing the BC placed at a distance of 70 cm from the UV-C lamp, exposing them
separately at 1, 3, and 5 min. After the exhibition, the comet test was carried out.

2.3.2. Post-Treatment Antigenotoxic Effect of AA on Blood Cells Exposed to UV-C

To evaluate the post-treatment antigenotoxic effect of AA, the slides were prepared
with agar containing the BC, as indicated above, and exposed to UV-C for 5 min, before
being subsequently immersed in different concentrations of AA (5, 10 and 15 mM) for two
hours. At the end of the time, three five-minute washes with distilled water were carried
out to remove AA residues.

2.4. Alkaline Comet Test

The comet assay was carried out using the method of Speit and Hartmann [28]. Slides
were covered with a 1% normal melting point (NMP) agarose, allowing the solidification
and removal of a completely clean surface. Then, a 0.6% low melting point (LMP) agarose
layer was placed on the slide. Once solidified, another layer of agarose was added (5 μL of
the previously obtained cell suspension and 95 μL of the 0.5% LMP agarose). Finally, a third
layer of 0.5% LMP agarose was added to cover the second layer [29]. Afterwards, the slides
were immersed in lysis solution (2.5 mM NaCl, 10 mM Na2 EDTA, 10 mM Tris-HCl, 1%
lauryl sarcosinate, 1% Triton X-100, and 10% DMSO, pH 10) for 24 h at 4 ◦C. Subsequently,
they were placed in a horizontal electrophoresis system with electrophoresis buffer (NaOH
300 mM and Na2 EDTA 1 mM) for 45 min and electrophoresis was performed for 15 min
(1.0 V/cm with an amperage of ~300 mA (Labconco, model 4333280). After electrophoresis,
all slides were gently washed with distilled water to remove the alkaline solution, and all
were immersed in neutralization buffer (0.4 M Tris nase, pH 7.5) for 5 min. The gels were
stained with ethidium bromide (100 μL to 20 μg/mL) for 3 min and then washed three
times with distilled water to remove possible bromide residues.

The slides were analyzed using a fluorescence microscope (Zeiss, model Axioskop 40)
with an excitation filter of 515–560 nm. Comets were observed at 10X and their tail length
was determined using the comet II test software (Zeeiz Sinoptic Mikro SA De CV México,
2012) that automatically indicates the start and end of the comet’s length [30]. Approxi-
mately 100 comet cells were analyzed per sample (2 slides per experimental treatment).

To take advantage of the heterogeneity of genetic damage observed in the comet
test, the grouping method proposed by Reynoso-Silva et al. was used [22]. Additionally,
Microsoft Excel 2019 software was utilized to form MGs with comet cells.

2.5. Statistical Analysis

The Shapiro–Wilk and Levene tests were performed to analyze the normality of the
data and its homoscedasticity. Analysis of variance based on Kruskal–Wallis ranks was
performed. Dunn’s posterior tests were then performed to identify which treatment made
the difference. All statistical analyses were performed using the statistical software Sigma
Plot 12.0 [31] and Stat-graphics of Nau [32]. p ≤ 0.05 indicated significance.
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3. Results

Basal and induced genetic damage by EMS and UV-C in erythrocytes of Oreochromis
niloticus and Ambystoma mexicanum are presented in Figure 1. In Oreochromis niloticus, the
tail moment (Figure 1A) and the tail length (Figure 1C) showed significant genetic damage
(p < 0.05) induced by EMS and UV-C compared to the negative control. EMS showed
dose-proportional genetic damage in both parameters, although the 10 mM concentration
did not increase as expected, which could be attributed to excessive DNA destruction. In
the UV-C case, the tail length was visually proportional to the exposure time, although the
difference between UV-3 and UV-5 was not significant. Both tail moment and migration
groups were also proportional to UV-1 and UV-3; however, UV-5 did not show significant
differences with UV-3. The behavior can be considered uniform in the three parameters
since these are not 100% compatible and lead to slight statistical variations. Similar to
what was observed with tail moment and tail length, the MG (Figure 1E) shows significant
genetic damage (p < 0.05) induced by EMS and UV-C with respect to the negative control. It
was observed that the concentration of EMS 10 mM decreases the number of MGs; however,
the difference is not significant with respect to EMS 2.5 and 5 mM. In the case of UV-C,
differences were observed in the number of MGs with an increasing dose.

 

Figure 1. Induced genotoxic effect by different times or concentrations of UV-C and EMS evaluated
with the parameters tail moment, tail length, and MGs in comet cells of Oreochromis niloticus (A,C,E) and
Ambystoma mexicanum (B,D,F). * Significant differences (p < 0.05) regarding the negative control (NC).
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In Ambystoma mexicanum, the tail moment (Figure 1B) and tail length also indicated
genetic damage. Both EMS and UV-C induce significant genetic damage with respect to the
negative control (p < 0.05). EMS presented a behavior similar to that reported in Oreochromis
niloticus only in the tail moment parameter. No dose-response relationship is observed in
the tail length. Regarding UV-C, the tail moment and the tail length were proportional to
the exposure time. MGs did not reveal EMS or UV-C-induced genetic damage (Figure 1F).
Only the 10 mM EMS treatment presented significant differences compared to the negative
control (p < 0.05).

The genetic damage induced by EMS and UV-C and the protective effect of ascorbic
acid after the exposure of Oreochromis niloticus erythrocytes to these agents is presented in
Table 1. The genotoxic treatment with UV-C in Oreochromis niloticus erythrocytes increases
significantly (p < 0.05) and in direct proportion to the exposure time, the average length
of the tail, and the number of MGs with respect to the negative control. No significant
differences were observed with respect to the negative control (NC) in the migration group
containing the highest number of comet cells. The EMS showed the same behavior except
for the 10 mM EMS concentration where the number of MGs (6) and the average tail length
(9.2 μm) were obtained. A significant decrease (p < 0.05) compared to NC was also shown
in the number of cells in the migration group that contained the highest number of comet
cells. The antigenotoxic treatment with different concentrations of AA after exposing the
cells to 5 min of UV-C showed significant differences in the number of MGs only in UV-C
5 min + 5 mM and in the case of tail length in UV-C 5 min + 5 mM and 15 mM AA. The tail
length detected an increase in genetic damage compared to positive control (PC), but not a
decrease, while MGs detected a significant decrease at least for UV-C 5 min + AA 5 mM.
The number of MGs containing the highest number of comet cells increases significantly
(p < 0.05) compared to the PC.

Table 1. Genotoxic and antigenotoxic treatments in Oreochromis niloticus erythrocytes. The genetic
damage was observed using the number of MGs, migration groups with the highest comet cell
number, and the mean tail length observed in each treatment.

Genotoxic Treatment Ascorbic Acid Antigenotoxic Post-Treatment

Number of
Migration

Groups

Migration
Group

Containing the
Highest Comet
Cells Number

Mean Tail
Length
in μm

Number of
Migration

Groups

Migration
Group

Containing the
Highest Comet
Cells Number

Mean Tail
Length in μm

NC 9.6 155 6.47 9.62 * 155 6.47

EMS 2.5 mM 14.87 108 * 8.7 *

EMS 5 mM 16.87 118 * 9.96 *

EMS 10 mM 14.12 106 9.2 *

UV-C 1 min 12.75 182 7.04 *

UV-C 3 min 14.87 130 8.19 *

UV-C 5 min 13.87 153 8.8 *

PC (UV-C 5 min) 13.87 10.87 153 7.04

UV-C, 5 min + AA 5 mM 9.6 * 178 * 7.43 *

UV-C, 5 min + AA 10 mM 10.25 251 * 7.33

UV-C, 5 min + AA 15 mM 13.87 260 * 8.28 *

* Significant differences (p < 0.05) regarding the negative control.

The antigenotoxic effects of AA on blood cells Oreochromis niloticus and Ambystoma
mexicanum exposed to UV-C are shown in Figure 2. In Oreochromis niloticus, both the tail
moment (Figure 2A) and tail length (Figure 2C) show that the AA treatments at 5, 10, and
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15 mM are significantly different from the negative control (p < 0.05), but a reduction in
genetic damage with respect to the PC is observed in the parameter tail length. In the
MG (3E), UV-C treatment 5 min + AA 10 mM caused a statistically significant reduction in
genetic damage compared to the positive control (p < 0.05), even at the basal level, since
no statistical difference was observed with respect to the negative control (p < 0.05). In
Ambystoma mexicanum, the tail moment and tail length (Figure 2B,D) showed significant
differences in the different treatments with respect to the negative control (p < 0.05), but
only the post-treatment AA 15 mM reduced the genetic damage compared to the positive
control (p < 0.05), although it did not reach the level of basal genetic damage. In the MG,
no significant differences were observed between the treatments.

 

Figure 2. Genetic damage observed using the parameters: tail moment, tail length, and MGs in comet
cells of Oreochromis niloticus (A,C,E) and Ambystoma mexicanum (B,D,F) exposed post-treatment to
UV-C 5 min (PC) and UV-C + AA. * Significant differences (p < 0.05) regarding the negative control.
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The genetic damage induced by EMS and UV-C and the protective effect of ascorbic
acid after exposure of Ambystoma mexicanum erythrocytes to these agents is presented in
Table 2. UV-C genotoxic treatment in Ambystoma mexicanum erythrocytes significantly
increased (p < 0.05) the average length of the tail, but not the MG with respect to the NC.
No significant differences with respect to NC were observed in the MG containing the
highest number of comet cells. The EMS showed practically the same behavior, but in the
10 mM EMS, a significant decrease was observed (p < 0.05) with respect to the NC in the
number of cells of the migration group that contained the highest number of comets.

Table 2. Genotoxic and antigenotoxic treatments in Ambystoma mexicanumn erythrocytes. The genetic
damage was observed using the number of migration groups, the migration groups with the highest
comet cell number, and mean tail length observed in each treatment.

Genotoxic Treatment Ascorbic Acid Antigenotoxic Post-Treatment

Number of
Migration

Groups

Migration
Group

Containing the
Highest Comet
Cells Number

Mean Tail
Length in

μm

Number of
Migration

Groups

Migration
Group

Containing the
Highest Comet
Cells Number

Mean Tail
Length in μm

NC 13 123 10.61 16 123 10.59 *

EMS 2.5 mM 14 90 13.03 *

EMS 5 mM 11 105 12.74 *

EMS 10 mM 14 88 * 13.71 *

UV-C 1 min 11 132 11.2

UV-C 3 min 11 127 12.04 *

UV-C 5 min 11 95 12.94 *

PC (UV-C 5 min) 22 95 12.94

UV-C, 5 min + AA 5 mM 19 * 115 12.58

UV-C, 5 min + AA 10 mM 19 * 113 12.5

UV-C, 5 min + AA 15 mM 19 * 119 * 11.79 *

* Significant differences (p < 0.05) regarding the negative control.

The antigenotoxic treatment with different concentrations of AA after exposing the
cells to 5 min of UV-C showed a significant decrease (p < 0.05) with respect to PC in the
number of MGs in all concentrations. The tail length decreased genetic damage compared
to PC only for 5 min UV-C + 15 mM AA. The number of MGs containing the highest
number of comet cells significantly increased (p < 0.05) compared to PC.

4. Discussion

The comet test is a popular tool used to detect genetic damage [1] and there are
several parameters used in this test such as tail length and tail moment [33]. Although
the comet test is a well-established test in genetic research [3], its full potential to quantify
heterogeneity in response to genotoxic agents has not been exploited [10]; for this reason,
Reynoso-Silva et al. [22] proposed a new parameter to detect genetic damage, called the
MG. In an effort to assess the ability of the MG as a parameter to detect genetic damage,
Oreochromis niloticus and Ambystoma mexicanum erythrocytes were exposed in vitro to
the genotoxic agents EMS and UV-C; additionally, the antigenotoxic effect of AA was
assessed. The use of EMS and UV-C radiation as genotoxic models was previously reported
in different test systems [34–39] and our data with tail moment and tail length confirm
these reports.

The evaluation of MGs, using the tail length, as a product of the heterogeneity in the
length of the comets, allows characteristic genetic damage to be evaluated in response to
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specific genotoxic agents [22]. For example, UV-C generates MGs with comet cells between
130 and 182, while EMS does it between 106 and 118.

Treatment with both genotoxic agents in Oreochromis niloticus and Ambystoma mexicanum
erythrocytes showed that MG is as efficient parameter as tail length can be used to assess
genetic damage [22]. The decrease in tail length observed in Oreochromis niloticus erythro-
cytes with 10 mM EMS treatment can be attributed to excess DNA damage, leading to
the underestimation of tail length [40] (Alvarez et al., 2001) and a decrease in the number
of MGs. This excess damage and the significant decrease in the number of cells in the
MG containing the highest number of comet cells in Ambystoma mexicanum suggest that
although the average genetic damage increases, the number of cells with high damage
decreases. This behavior has not been previously reported. The formation of MGs makes it
possible to identify cells with different levels of genetic damage and compare them in the
same sample, so that they do not lose relevance as a consequence of the average effect [22].

The large amount of MGs observed in Oreochromis niloticus erythrocytes, after applying
different treatments, is due to the fact that not all cell nuclei suffer the same damage [41].
The MG helps to identify groups with the highest number of comets and the number of
cells per group [22], which could be the subpopulations most affected by each treatment
and could be related to the specific damage that provokes each agent. In the erythrocytes
of Ambystoma mexicanum, we did not observe this behavior with MGs; despite the genetic
damage observed, the erythrocytes did not show great heterogeneity of genetic damage,
which could be due to the fact that this species has a large number of mechanisms to
preserve genome stability [42]; however, we currently have little information about it. This
is of great importance [10] because a genotoxic agent might damage only a small fraction
of the cells in a tissue, but it is those cells that are most likely to cause a tumor.

AA has been reported as an antigenotoxic agent [43,44]; therefore, it was used in this
study and the MG was able to detect a decrease in genetic damage. In Oreochromis niloticus,
a reduction in genetic damage was observed through the tail length and MG parameters, as
has been reported for other bioassays or comet test parameters. Cases where no reduction
is observed could be related to poor DNA repair in fish compared to mammals [45–48]. In
Ambystoma mexicanum erythrocytes, it was not possible to evaluate differences between
treatments and MGs also showed the ability to detect UV-C-induced genetic damage and
post-treatment using AA in erythrocytes from both organisms. Furthermore, tail length
could not detect a decrease in tail magnitude with respect to PC. These results agree
with what was reported by Reynoso-Silva et al. [22]. The MG containing the highest
number of comet cells significantly increased (p ≤ 0.05) the number of cells compared
to the PC. This may be due to the specific damage that is manifested by the action of
high-concentration AA [49]. AA antigenotoxicity is notable at concentrations as low as
5 mM, as observed using MGs, but AA concentrations equal to or greater than 10 mM do
not show an antigenotoxic effect.

Despite the average effect of the comet test, the number of MGs observed through the
tail length parameter is directly proportional to the genetic damage, which coincides with
that reported by Reynoso-Silva et al. [22], indicating that the frequency of comets per group
is related to the damage and depends specifically on the genotoxic agent and not only on
the concentration.

A limitation of the comet assay is that the cellular response to a genotoxic treatment
not only depends on the average amount of DNA damage in the cells; it also depends
on the response of a small population of cells [10]. This work shows that MGs allow the
subpopulations most affected by agents that damage the genetic material to be observed,
which increases the sensitivity of the comet test and complements the existing parameters.
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5. Conclusions

Although there are established methods to detect DNA damage, it is necessary to
make modifications to the procedures in order to increase their sensitivity and versatility.
To use the MG parameter, it was possible to observe induction and a reduction in genetic
damage in Oreochromis niloticus erythrocytes, but the same effectiveness was not observed
in Ambystoma mexicanum, which suggests that differences in the sensitivity to genotoxic
agents in the organisms studied or the presence of subpopulation cellular highly affected
each treatment. MGs can be used as a complementary parameter to assess DNA integrity
in species exposed to mutagens.
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Abstract: The effect of three doses of UV-C radiation (1, 3 and 6 kJ m−2) on conservation potential
after harvest of the Deglet-Nour date for five months of storage at 10 ◦C was studied. Contents of
water, total sugar, carotenoids, proteins, total polyphenols, flavonoids and condensed tannins, as
well as browning index, enzyme activities of polyphenoloxidase and peroxidase and antioxidant
capacity of samples were monitored during storage using standard methods. Doses 1 and 6 kJ m−2

significantly slowed the water loss of samples until the second month of storage, with 17.68% and
16.02% of loss compared to control (31.45%). In the second month of storage, a significant increase in
carotenoids was also observed for doses 1 and 6 kJ m−2, with values of 4.17 and 4.02 mg kg−1 versus
the control (3.45 mg kg−1), which resulted in deceleration in carotenoid degradation. A gradual
decrease in total sugar content was noted for all samples; it was slower within irradiated ones at
the second month, where the slowing down of sugar consumption was significantly favored in the
samples irradiated at 1 and 6 kJ m−2, which was marked by decreases of 4.98% and 4.57% versus
8.96% in the control. Protein content of irradiated samples (3 and 6 kJ m−2) increased at the third
month, giving 1.70 and 2.41 g kg−1 compared to 1.29 g kg−1 for the control. An important decrease
in enzymatic activity of polyphenoloxidase was detected, in addition to a fluctuation in peroxidase
during storage. The browning index was lower in the irradiated sample until the fourth month of
storage, where the result was more significant. An increase in the content of condensed tannins was
detected, especially during the two first months, and while the significant increase in the content of
flavonoids was read at the last month, it was detected from the first month for polyphenols. This was
more significant for the highest dose, were the content reached 0.537 g kg−1 versus 0.288 g kg−1 in
control at the first month. A dose-dependent increase in antiradical activity was noted during the last
months of storage, while the increase in iron-reducing power was detected at the first month. UV-C
delayed installation of Deglet-Nour browning and enriched it with antioxidants.

Keywords: Phoenix dactylifera L.; ultraviolet radiation; phenolics; polyphenoloxidase; darkening
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1. Introduction

Phoenix dactylifera L. is a vital plant for the desert region in Algeria, where it plays
a very important ecological and socio-economic role for the population living in this region.
Indeed, the fruit is the subject of important commercial activity, in particular the famous
variety ‘Deglet-Nour’, which is a worldwide commercial variety of choice because it is
flavorful, mellow and has an exquisite taste. Deglet-Nour derives its vernacular name
from the expression finger of light, it is the most popular cultivar in all the palm groves of
southeastern Algeria, and it reaches maturity in October–November.

During its maturation, it goes through four essential stages called Kimri, Khalal,
Rutab and Tamar, where the fruit gradually loses its water and intensifies in color. In the
final Tamar stage, Deglet-Nour undergoes a decrease in astringency, and it is light red
in color with yellowish tints. Polyphenols are micronutrients, particularly abundant in
fruit, grains and vegetables [1]. Their involvement in biological activities of dates was
confirmed [2,3]. Degradation of fruit phenolics alters their nutritional quality, especially
since these molecules characterize the sensorial properties of fruits and vegetables [4].
Their preservation within fruit and vegetables is a great necessity, since their oxidation
by polyphenoloxidase (PPO) and peroxidase (POD) actions leads to installation of fruit
browning [5], which drops their market value. The first experiments of food irradiation
were carried out to avoid germination of fruits and vegetables. Moreover, food irradiation
can control insect infestations and delay ripening of fresh fruit and vegetables [6]. Other-
wise, it should be noted that UV-C radiation has not been tested to slow browning and
degradation of related molecules, phenolics, in fruit and vegetables.

The main objective of this work was to study the effect of UV-C radiation on the
quality of the Deglet-Nour date by monitoring changes in some of its organoleptic and
pharmacological properties during five months of storage after irradiation. The color
alteration was targeted by study of fruit browning, in addition to other quality criteria such
as changes in antioxidant activity and content of major components.

2. Materials and Methods

2.1. Chemical, Reagents and Materials

All solvents and reagents used in the present study were purchased from Sigma
Aldrich, Steinheim, Germany. This includes: acetone, methanol, β-carotene, phenol,
sulfuric acid, glucose, polyvinylpyrrolidone, Bradford reagent, bovine serum albumin
(BSA), 4-methyl-catechol, guaiacol, sodium fluoride (NaF), BHT, aluminum trichloride
(AlCl3), quercetin, vanillin, catechin, gallic acid, Folin–Ciocalteu reagent, 2,2-diphenyl
1-picrylhydrazyl (DPPH), potassium ferricyanide (K3[Fe(CN)6]), sodium carbonate (Na2CO3),
KH2PO4, K2HPO4, trichloroacetic acid (TCA), ferric chloride (FeCl3).

The spectrophotometer used in quantification of molecules and monitoring of enzy-
matic and antioxidant activities was anUV/VIS-7220G, Shenzhen ThreeNH Technology,
Shenzhen, China; the centrifuge was an EBA 200 model, Hettich, Montévrain, France.

2.2. Plant Material and Experimental Design

A semi-soft date fruit, ‘Deglet-Nour’, was used in this study. Samples were harvested
at full maturity, at Tamar stage of ripening in November 2017. They were from a young
10-year-old orchard in the southeast of Algeria. Dates were sorted to keep only the fruits
with homogeneity of color and ripeness degree. Fruits were divided into five batches,
three of them each received a different dose of UV-C ray (1 kJ m−2, 3 kJ m−2 and 6 kJ m−2);
the fourth was used as control sample while the fifth was used to determine all experiment
parameters before irradiation by D0 analysis. The UV-C apparatus, used to irradiate
samples, consisted of two lamps emitting quasi-monochromatic UV radiation at 254 nm
and having a normal output power of 60 W. All the samples were placed in perforated
low density polyethylene bags and stored at 10 ◦C until the time of analysis. Sample
storage was up to five months. In addition to D0 analysis, other analyses were carried
out each month to ensure the monitoring of evolution of contents of water, carotenoids,
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total sugars, proteins, total polyphenols, flavonoids and condensed tannins, as well as
browning index, enzyme activities of polyphenoloxidase and peroxidase, in addition to the
antiradical activity and reducing power.

2.3. Visual Analysis and Determination of Water Content

Monitoring of changes in the external color of the fruit was carried out by taking
pictures just after irradiation and at the end of storage. The water content was determined
by drying a known weight of the sample in an isothermal oven (Red LINE, Paris, France)
at 80 ◦C ± 2 ◦C and at atmospheric pressure until obtaining a constant mass sample. The
water content is equal to the loss of fruit mass in the measurement conditions.

2.4. Determination of Carotenoid Content

The extraction and quantification of carotenoids were carried out by macerating 1 g
of pulp of each sample in 2 mL of acetone containing 0.05 mL of BHT (0.1%) for 24 h.
the mixture was filtered, and the operation was repeated until a clear coloration of the
extract was observed. Absorbance of the filtrate was determined at 450 nm against a blank
(acetone). The concentrations of carotenoids were estimated by reference to the standard
curve of β-carotene and the results were expressed in milligrams per kilogram of fruit dry
weight (mg kg−1).

2.5. Determination of Total Sugar Content

The approach of Dubois et al. [7] was followed to determine total sugar using phenol
and concentrated sulfuric acid. An amount of 0.2 g of date pulp for each sample was
macerated in 3 mL of distilled water for 24 h, and the extract was centrifuged. An intake of
50 μL of the supernatant was diluted by addition of 10 mL of distilled water. An amount
of 1 mL from solution of each sample, 0.05 mL of the phenol solution (80%) and 2 mL of
concentrated sulfuric acid were homogenized and incubated at 30 ◦C for 15 min, and the
reaction was stopped by a stream of cold water. Absorbance was measured at 490 nm.

The concentrations of total sugars in date extracts were calculated by reference to
a calibration curve obtained using glucose; the results were expressed in grams glucose
equivalent per kilogram dry weight.

2.6. Determination of Total Protein Content, PPO and POD Activities

Bradford method [8] was used to estimate total protein content in Deglet-Nour samples.
Preparation of protein extracts was performed using the Lichanporn and Techavuthiporn [9]
approach; 0.4 g of date paste was macerated in 4 mL of 0.05 M phosphate buffer pH
6.8 containing 0.08 g of polyvinylpyrrolidone. After 24 h, the mixture was centrifuged
at 8000× g for 10 min. An amount of 250 μL of Bradford reagent was added to 1 mL of
the supernatant, stirred and incubated for 30 min in the dark at ambient temperature and
absorbance was measured at 595 nm. Protein concentrations were calculated by reference
to the calibration curve obtained using bovine serum albumin (BSA) as standard. The
results were expressed in grams of BSA equivalent per kilogram of dry weight (g kg−1).

Both enzymes’ activity was assayed using the protein extracts. PPO activity was
assessed by measuring oxidation of 4-methyl-catechol as substrate at 410 nm, as described
by Dassamiour et al. [4]. The increase in the absorbance at 410 nm at 30 ◦C was automatically
recorded for 5 min. POD activity was determined using guaiacol as substrate, as previously
reported by Daas Amiour and Hambaba [5]. One unit of enzyme activities was defined as
the amount of the enzyme which caused a change of 0.01 in absorbance/min. Results were
expressed in enzymatic unit per gram of protein (U g−1).

2.7. Determination of Browning Index and Contents of Flavonoids and Condensed Tannins

The browning index is a good indicator of color intensification of samples. It was
determined by homogenizing 1 g of Deglet-Nour pulp in 2 mL of methanol containing
NaF (4 mM). The homogenate was macerated for 30 min then filtered and centrifuged at
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10,000× g for 15 min. The supernatant was used directly to measure absorbance at 430 nm,
as a browning index per one gram of dry weight.

The extract was also used in flavonoid and tannin quantification; the first was carried
out using the AlCl3 method as reported by Daas Amiour et al. [3]. Flavonoid concentration
was calculated by reference to the calibration curve obtained using quercetin. The results
were expressed in gram quercetin equivalent per kilogram of fruit pulp’s dry weight
(g kg−1). The vanillin assay was carried out to determine condensed tannin content, which
was calculated using a calibration curve of catechin.

2.8. Determination of Total Polyphenol Content

Date paste (0.5 g) of different irradiation doses was macerated in a mixture of solvents
(30 mL H2O/30 mL methanol/40 mL acetone). After 24 h of maceration, the extract was
centrifuged at 10,000× g for 10 min. Total phenolics content was assayed using Folin–
Ciocalteu reagent, following the method described by Daas Amiour and Hambaba [5].
Absorbance was read at 760 nm and total phenolic concentrations were expressed in gram
gallic acid equivalents per kilogram of dry weight (g kg−1).

2.9. Evaluation of Antioxidant Activity

Antioxidant activity was conducted on the extracts prepared for the determination of
total phenolic compounds, using two tests.

2.9.1. Anti-Free-Radical Activity (DPPH Test)

Antiradical capacity was evaluated by the approach of Masuda et al. [10] using the
extracts prepared for determination of phenol content. A volume of 2.45 mL of each extract
was introduced into a test tube, to which 50 μL of 5 mM DPPH methanol solution was added
and after 30 min of incubation at room temperature, the optical density was determined
at 517 nm, against methanol as blank. The anti-free-radical activity was estimated in
percentage using the following formula:

DPPH scavenging activity(%) =

⎡
⎣
(

Abscontrol − Abssample

)
Abscontrol

⎤
⎦× 100 (1)

2.9.2. Ferric-Reducing Power Test

Oyaizu’s [11] method was used for this approach. A volume of 200 μL of different
dose extracts was mixed with 200 μL of 0.2 M phosphate buffer solution (pH 6.6) and 200 μL
of solution of K3Fe(CN)6 (1%). The whole was incubated at 50 ◦C for 30 min then 200 μL of
10% TCA were added to stop the reaction; preparations were centrifuged at 3750× g for
10 min. An amount of 400 μL of supernatant was combined with 400 μL of distilled water
and 90 μL of aqueous solution of FeCl3 (0.1%) and after 1 h of incubation, the absorbance
was read at 700 nm. Note that a stronger absorbance indicates increased reducing power.

2.10. Statistical Analysis

Each measurement was performed in triplicate for each sample starting from the
extraction step. Data were analyzed by Graph pad prism using the One-way ANOVA test
followed by Tukey’s post hoc test. Values are considered significant at p < 0.01. Correlation
tests were performed using Excel.

3. Results and Discussion

3.1. Changes in External Color and in Carotenoid Content

The visual appearance of all samples, just after irradiation and at the end of every
month of storage, is given in Figure 1 as photos taken in those times. Indeed, it appears
clearly that browning was less pronounced on irradiated samples. This result can be
explained by the inactivation, by ultraviolet radiation, of the polyphenoloxidase located in
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the surface tissue of the treated fruits. The intensification of the brown coloration in the
irradiated samples is not visually distinguishable between the three doses in this case, but
the results which follow have made it possible to demonstrate the difference.

 

Figure 1. Changes in color appearance of date, control and UV-C treated samples, during 5 months
of storage at 10 ◦C (the number at the left corner of each photo indicates the storage month no.).

Changes in carotenoid levels revealed a moderate elevation in treated samples during
the first two months of storage versus a slow decline in all samples during the remainder
of the period (Table 1), indicating progressive degradation of these pigments. In the second
month the increase was significant; it was observed for doses 1 and 6 kJ m−2 with the values
of 4.17 and 4.02 mg kg−1 versus the control (3.45 mg kg−1). Similar results were observed
in fresh-cut carrot [12]. Carotenoids are subject, indeed, to isomerization and oxidation
during processing and storage of foods because they are highly unsaturated. Degradation
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of carotenoids increases with length and severity of the processing conditions, temperature,
storage time, transmission of light and exposition to O2 [13]. Moreover, the increase in their
level may be due to their biosynthesis in response to stress caused by UV-C. It has been
confirmed in several studies that the level of carotenoids increases following exposure to
abiotic stress, such as drought, light, etc. The most important carotenoids identified in this
cultivar of date are ß-carotene and lutein [14].

Table 1. Changes in carotenoid contents of Deglet-Nour irradiated samples and control during five
months of storage at 10 ◦C.

Storage Period
(Months)

Irradiation Doses
(kJ m−2)

Carotenoid Content
(mg kg−1)

0 - 3.46 ± 0.33

1

0 3.41 ± 0.22
1 3.49 ± 0.20
3 3.47 ± 0.10
6 3.62 ± 0.07

2

0 3.45 ± 0.12 a

1 4.17 ± 0.07 b

3 3.51 ± 0.21 a

6 4.02 ± 0.06 b

3

0 3.35 ± 0.16
1 3.58 ± 0.02
3 3.48 ± 0.25
6 3.77 ± 0.17

4

0 3.33 ± 0.25
1 3.44 ± 0.25
3 3.00 ± 0.17
6 3.56 ± 0.13

5

0 3.20 ± 0.17
1 3.06 ± 0.03
3 2.86 ± 0.06
6 2.97 ± 0.08

Values are expressed as mean ± SEM (n = 3); a,b: different letters indicate a significant difference between the
four samples at each storage period (p < 0.01), while the absence of the letters indicates the absence of difference.

However, Freitas et al. [15] found that UV-C radiation significantly increased the
content of carotenoids in pineapple core, which is agreement with the obtained result.

3.2. Changes in Moisture, Total Sugar and Protein Contents

In order to note the irradiation effect on water retention capacity, the variation in humidity
rate within the fruit was measured, as it is a quality criterion of dates. The changes in water
content of Deglet-Nour samples were obtained during storage period (Figure 2).

Water content decreased in all treated samples and the control. Expressed in percent-
age, it ranged from 25.13 in the first month to 12.42% at the end of the storage period. Some
authors have explained the decrease in moisture by evaporation of date water following
the destruction of the cellulose walls and the pecto-cellulosic substances [16], probably
during postharvest handling. The decrease in moisture content is less pronounced in the
case of irradiated samples when referring to control, especially for doses 1 and 6 kJ m−2

during the first two months of storage, which can be explained by water retention and
reduction in fruit sweating after irradiation. After one month of storage, the decreases were
2.52%, 10% and 5.82%, corresponding to doses of 1, 3 and 6 kJ m−2, respectively, versus
11.28% in the control. Doses 1 and 6 kJ·m−2 significantly slowed water loss of samples
until the second month of storage, with 17.68% and 16.02% of loss compared to control
(31.45%). It is certain that dehydrated Deglet-Nour loses its market value, as it normally
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has a soft to semi-soft consistency, and the slowing down of the water loss by this treatment
participates in preserving the fruit quality. Radiation’s effect on water content found in
this study is in perfect agreement with results obtained by Jemni et al. [17], who noted that
water content was more important in the irradiated samples with a decrease rate between
174 and 130 g kg−1 of fresh weight for the same date variety.

The evolution of sugar content obtained for control and irradiated samples of the
Deglet-Nour date, during five months of storage, is shown in Figure 2. The decrease in total
sugars was slight but more pronounced in the case of the control until the second month of
storage, where the difference appears significant. The diminution in total sugar content
can be explained by the consumption of sugars as respiratory substrates [4] to ensure the
energy supply necessary for the metabolism of the date fruit during postharvest storage.

Until the second month, the slowing down of sugar consumption was significantly
favored in the samples irradiated at 1 and 6 kJ m−2, which was marked by decreases of
4.98% and 4.57% versus 8.96% in the control.

The obtained results of total sugar contents are in agreement with those of Lemoine
and collaborators [18] on broccoli and those of Pan et al. [19] on strawberry. In fact, they
found that the total sugar content decreased slightly immediately after treatment with
4.1 kJ m−2 of UV-C, and also during storage when referring to control group.

During the first month of storage, the difference between total sugar content of irradi-
ated samples and that of control does not appear to be significant, probably because water
loss was greater in control and thus respiration lower, since an increase in fruit breathing
rates has been observed with higher moisture content [4,20]. Indeed, it was reported that
Deglet-Nour fruit with 27% moisture had a respiration rate five times higher than that of
fruit at 20–22% of moisture [21]. Slight decreases in Deglet-Nour sugar content do not alter
its nutritional value, as it contains large amounts at the full mature stage Tamar, most of
which are glucose and fructose.

It is also interesting to report that the increase in total sugar was observed in UV-C-
treated sweet oranges [22], and that supports our obtained results of irradiated samples
when compared to control.

Proteins belong to one of the most important classes of molecules present in all
living organisms. They provide the essential functions of the cell. Variation in total protein
content in control and irradiated samples of the Deglet-Nour date during storage are shown
in Figure 2.

Analysis of the results shows that there is an increase in the total protein levels during
storage compared to the control. This increase in protein content is more marked in the
case of the irradiated sample at 6 kJ m−2 in the third month of storage. Indeed, samples of
3 and 6 kJ·m−2 gave 1.70 and 2.41 g·kg−1 versus 1.29 g kg−1 of the control. The increase
may be due to the activation of biosynthesis of enzymes involved in synthesis of defense
molecules against stress caused by UV-C. Most likely, the increase is concomitant with the
slowing down of protein degradation, in particular by inhibition of the action of proteases,
which is associated with the ripening and senescence of fruit, as has been reported in many
works [23]. Therefore, it appears that the degree of slowing of protein decomposition is
higher in the irradiated samples than in the control.

Other hypotheses cited by Pickering and Davies [24] indicate that protein synthesis
or protection against degradation can be linked to maintaining the activity of antioxidant
enzymes. Furthermore, Costa et al. and Lemoine et al. [18,25] confirmed that the protein
content of broccoli is increased after irradiation at 8 kJ m−2 for 21 d of storage at 4 ◦C but at
a rate of about 5.05 g kg−1 of fresh weight, which is greater than our result (2.40 g kg−1),
recalling that the date generally contains small amounts of proteins.
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Figure 2. Variations in water, total sugar and total protein contents of Deglet-Nour samples, during
five months of storage at 10 ◦C. Vertical bars represent standard error (n = 3), different letters indicate
a significant difference between the four samples at each storage period (p < 0.01), while the absence
of the letters indicates the absence of difference.
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Another study conducted by Xie et al. [26] on strawberry reported that the group of
fruit which was treated with UV-C was marked by a significant decrease in the levels of
simple sugars, namely glucose, fructose and sucrose, but also in the levels of organic acids,
especially those of citric and ascorbic acids, while a slight decrease was observed for in
malic acid. The researchers also noted that the growth, physicochemical quality, firmness
and moisture of UV-C-treated samples were preserved when compared to control. The
concentrations of nine types of essential amino acids were preserved in coconut water
samples which were irradiated by UV-C [27].

3.3. Enzymatic Activity of Polyphenoloxidase, Peroxidase and Browning Index

The presence of PPO and POD enzymes in the Deglet-Nour date has been already
confirmed via the demonstration and the determination of their catalytic activity within
this fruit [4,5]. A significant decrease in PPO activity of 6 kJ m−2 irradiated samples was
noted throughout the whole storage period (Figure 3); it was affected by UV-C treatment. It
may be that the expression of PPO gene was inhibited; indeed, the decrease in PPO activity
in certain tissues of Agaricus bisporus has been correlated with the inhibition of expression
of the PPO gene in these tissues [28]. The actual results are in agreement with those of
Mohammadi et al. [29]. By applying doses of 0.25, 0.5 and 0.75 kJ m−2 to strawberry fruit,
these authors observed a decrease in PPO activity, and they obtained the lowest activity
after 5 d of storage at 10 ◦C using 0.75 kJ m−2. Indeed, irradiation has been used to control
the adverse browning phenomenon by inhibition of PPO activity [30].

Figure 3. Cont.
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Figure 3. Variations in PPO and POD activities and in the browning index values of Deglet-Nour
samples during five months of storage at 10 ◦C. Vertical bars represent standard error (n = 3), different
letters indicate a significant difference between the four samples at each storage period (p < 0.01),
while the absence of the letters indicates the absence of difference.

The obtained results showed, for kJ m−2, a decrease in POD activity versus control
from the second month until the end of storage (Figure 3). However, 1 kJ m−2 and 3 kJ m−2

induced a slowdown of POD activity for the last three months of storage. POD activity
increased in irradiated samples during the first month, as generally peroxidase activity is
stimulated by the readily available phenolic substrates, wounding and physiological stress,
which were induced in this case by radiation and manipulation of samples.

No statistical significance was observed between the browning index values of treated
and control dates during the first three months of storage, although the indexes of irradiated
samples appeared to be lower (Figure 3). It was only in the fourth month that this difference
was more significant in favor of a considerable reduction in browning indexes of irradiated
samples, irrespective of the dose, in comparison with the control. Noting that, the analysis
of results showed increased values of the browning index of all samples during storage,
compared with the results of D0 as initial analysis. However, this increase was more
pronounced in the case of control samples, proving that UV-C slowed browning of Deglet-
Nour dates, which resulted in a longer shelf-life during storage. Indeed, ascorbic acid
is a highly effective inhibitor of enzymatic browning, especially since generally, its rate
increases within stored Deglet-Nour dates following its exposure to abiotic stress such as
storage under modified atmospheres [4]. The result is consistent with that of Gonzalez-
Aguilar et al. [31], who found that browning was significantly reduced during 21 d of
storage at 5 ◦C of peaches (Prunus persica cv. Jefferson) following exposure to 3, 5 and
10 min to UV-C radiation.

Another study using comparable doses of UV-C reported the effectiveness of the low
dose (0.5 kJ m−2) to preserve grapefruit from decay development, while the untreated
control sample was marked by severe rind browning and necrotic peel [30]. It is also inter-
esting to underline that the combination of UV-A and UV-C rays could exert a noticeable
inactivation effect on PPO activity in apple juice, and the reduction in this enzyme activity
was estimated at 32.58% [32].

A study conducted on coconut water revealed the effectiveness of UV-C irradia-
tion to reduce the activity of PPO and POD enzymes in the exposed samples by 94 and
93%, respectively [27].

The exposition of potato slices to a combination composed of ascorbic acid, calcium
chloride and UV-C significantly reduced the activities of PPO and POD [33]. A negligible
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browning process was reported in fresh-cut lotus 5–10 min following it exposition to UV-C
radiation, with a remarkable inactivation of the previously cited enzymes [34].

3.4. Total Polyphenol Content (TPC), Flavonoids and Condensed Tannins

During the storage period, total polyphenol content followed an increasing evolution
for all irradiated and control samples compared to the initial analysis (D0) (Table 2). Total
polyphenols in irradiated samples increased more than the control, regardless of dose,
during the first month of storage. This increase is highly significant for the three doses but
more considerable for the highest one. Indeed, this content reached 0.537 g kg−1 at the first
month versus 0.288 g kg−1 in the control. This is similar to the result obtained by Winter
and Rostàs [35], who observed that TPC content in soybean samples rapidly increased as
a result of UV-C exposure. UV-C also induced the accumulation of phenolic compounds in
tomatoes [36,37] and in grapes [38]. The increase in our case was followed by a decrease
compared to the first month, but the levels remained higher than that of control for the
remainder of the storage period. In comparison, Wu et al. [39] found a diminution of
phenolic compounds after UV-C treatment of mushroom which led to its browning by, most
likely, oxidation of these compounds. Perkins-Veazie et al. [40] reported that no change
was observed in the phenolic content of blueberry samples irradiated at 2 and 4 kJ m−2.
The nature of phenols, the constitution and the physiology of each plant, in addition to
storage conditions, may be the source of this diversity of results.

Table 2. Changes in contents of total phenols (TP), flavonoids and condensed tannins of Deglet-Nour
irradiated samples and control during five months of storage at 10 ◦C.

Storage Period
(Months)

Irradiation Doses
(kJ m−2)

TP Content
(g kg−1)

Flavonoids
Content (g kg−1)

Tannins Content
(g kg−1)

0 - 0.274 ± 0.014 0.034 ± 0.003 0.109 ± 0.010

1

0 0.288 ± 0.027 a 0.035 ± 0.003 0.131 ± 0.003 a

1 0.469 ± 0.007 b 0.038 ± 0.004 0.299 ± 0.003 b

3 0.453 ± 0.009 b 0.046 ± 0.003 0.370 ± 0.002 c

6 0.537 ± 0.014 c 0.039 ± 0.002 0.283 ± 0.020 b

2

0 0.274 ± 0.021 a 0.027 ± 0.003 0.134 ± 0.019 a

1 0.306 ± 0.014 a 0.030 ± 0.004 0.251 ± 0.011 b

3 0.339 ± 0.018 b 0.032 ± 0.003 0.272 ± 0.011 c

6 0.345 ± 0.018 b 0.035 ± 0.001 0.274 ± 0.015 c

3

0 0.308 ± 0.025 a 0.027 ± 0.003 0.141 ± 0.015 a

1 0.317 ± 0.013 a 0.027 ± 0.004 0.149 ± 0.016 a

3 0.388 ± 0.012 b 0.034 ± 0.005 0.236 ± 0.005 b

6 0.400 ± 0.006 b 0.038 ± 0.003 0.238 ± 0.003 b

4

0 0.329 ± 0.010 a 0.030 ± 0.002 a 0.147 ± 0.023 a

1 0.366 ± 0.020 a 0.050 ± 0.004 b 0.144 ± 0.013 a

3 0.364 ± 0.030 a 0.045 ± 0.003 b 0.162 ± 0.010 b

6 0.437 ± 0.012 b 0.046 ± 0.002 b 0.164 ± 0.006 b

5

0 0.337 ± 0.013 a 0.032 ± 0.005 a 0.139 ± 0.008 a

1 0.411 ± 0.020 b 0.045 ± 0.003 b 0.147 ± 0.014 a

3 0.409 ± 0.012 b 0.041 ± 0.005 b 0.164 ± 0.007 b

6 0.417 ± 0.036 b 0.050 ± 0.006 b 0.135 ± 0.019 a

Values are expressed as mean ± SEM (n = 3), different letters indicate a significant difference between the four
samples at each storage period (p < 0.01) while the absence of the letters indicates the absence of difference.

The results illustrated in Table 2 show a significant increase, regardless of dose, in
flavonoid contents of irradiated samples in the last two months of storage compared
to values detected in the first three months, where there is no significant difference in
flavonoid concentration between control and treated samples. This result is somewhat
similar to those obtained by some researchers. According to Gonzalez-Aguilar et al. [41],
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an accumulation of phenols and total flavonoids is noted during storage, following the
application of 2.46 and 4.93 kJ m−2 doses on Mangifera indica. In addition, exposure to
a dose of 4.1 kJ m−2 induced an overproduction of total phenols in Fragaria × ananassa
Duch. Cv. Toyonoka [42]. Flavonoids could play a protective role against pathogens and
environmental stress, due, for example, to drought or ultraviolet radiation, as has been
noted in several works. Generally, the increase in phenol levels following UV-C exposure is
associated with stimulation of the expression of the phenylalanine ammonia lyase gene;
this was also confirmed by Sheng and collaborators [38] when studying the effect of UV-
C treatment on table grape in addition to other genes involved in the phenylpropanoid
pathway. However, the application of increasing UV-C doses of 3.2, 9.6 and 19.2 kJ m−2

on Lycopersicom esculentum cv. Durita increased total phenol levels during storage [43].
In contrast, Costa et al. [23] observed a decrease in total phenol and flavonoid content
in Brassica oleracea L. var. Italica, cv. Cicco following exposure to UV-C doses of 4, 7, 10
and 14 kJ m−2.

Contents of condensed tannins increased, varying considerably between the three
doses of irradiation versus control, where the increase reached a maximum value of the
order of 0.37 g kg−1 in the case of the 0.3 J cm−2 dose (Table 2). This augmentation is
justified by a response to stress caused by UV-C light as a self-protecting function of the
fruit. Several studies confirmed the biosynthesis of tannins by plants when exposed to
abiotic stresses such as low cadmium stress [44] and arid conditions [45]. Compared to
irradiated samples at the first two months of storage, a decrease in the content of condensed
tannins was noticed towards the end of storage; it reached a minimum value of the order of
0.135 g kg−1 at the dose 0.6 J cm−2. However, the decrease relative to the control was not
established. The decrease in tannin levels is probably due to the transformation of these
compounds from the soluble form to the insoluble form, which leads to their precipitation,
and consequently to the decrease in astringency, which is an index of advanced ripening
in date fruit. This study confirms that tannins are capable of complexing proteins and
other macromolecules such as nucleic acids, which can be involved in slowing down the
enzymatic activity of POD and PPO during storage of samples. Indeed, the slowdown in
these activities clearly appears from the third month; this coincides with the decrease in the
content of tannins due to their combination with PPO and POD, which has limited their
extractability and thus altered the PPO and POD function.

It is also interesting to note that the exposure of acerola to slight UV-C radiation during
postharvest storage significantly decreased the rhythm of degradation of vitamin C and
phenolic compounds but also preserved the nutraceutical quality of the fruit, unlike the
control not exposed to UV-C [46]. These researchers suggested a possible retention of
these elements in this fruit via a possible alteration of the metabolism process of these
compounds, but also suggested an elevation in mitochondrial activity and an upregulation
of the antioxidant system in order to correctly fight free radicals, especially ROS, a known
agent for fruit rot [47].

Another study conducted by Park and Kim [48] reported that the exposition of peeled
garlic cloves to low UV-C radiation considerably increased polyphenol and flavonoid
content, especially apigenin and quercetin, considered as important antioxidant agents.
This may explain the slight deterioration of this group marked by a significant decrease
in the microbial population, while the control sample surprisingly developed a yellow
color, indicating a possible acceleration in the maturation process [49]. A comparable eleva-
tion in total phenolic and flavonoid concentrations was also observed in lettuce exposed
to UV-C [50].

3.5. Anti-Free-Radical Activity and Ferric-Reducing Power

The general reading of the results of the scavenging effect analysis of DPPH radical
(Figure 4) showed an increased rate of DPPH scavenging from the fourth month in favor
of samples irradiated at doses 0.3 and 0.6 J cm−2. At the end of the first three months
of storage, no significant distinction could be drawn between the antiradical effect of
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irradiated samples and that of the control, despite the apparent increase in the case of
treated samples.

Figure 4. Changes in DPPH scavenging activity and iron-(III)-reducing power of the of Deglet-
Nour samples during five months of storage at 10 ◦C. Vertical bars represent standard error (n = 3);
a, b: different letters indicate a significant difference between the four samples at each storage period
(p < 0.01), while the absence of the letters indicates the absence of difference.

The increase in antioxidant activity during the storage of dates is probably due to
biosynthesis and accumulation of phenolic compounds that play a very important role in
free radical scavenging. The combination of these results with those of the total polyphenol
(PPT) assays revealed a very significant linear correlation between the anti-free-radical
capacity of the extracts and their PPT content (R2 = 0.80) from the third month of storage,
which means that the antioxidant activity is most likely due to the phenol composition
of Deglet-Nour extracts. Most of these compounds have antioxidant activities, due to the
presence of many hydroxyls in their structures, which can react with free radicals.

The results of Kim et al. [43] on Citrus pomaces, as well as those of Lemoine et al.
and Martínez-Hernández et al. [51,52] on broccoli and Vicente et al. [53] on sweet pepper,
revealed that the increase in antioxidant capacity could be linked to the elevation in total
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phenols within UV irradiated samples, which is similar to ours. The rates of ferric reduction
using Deglet-Nour samples, expressed as absorbance in 700 nm, are mentioned in Figure 4.

The analysis of the results makes it possible to observe a significant increase in ab-
sorbance of irradiated samples after one month of storage relative to the control. An increase
in absorbance means an increase in the reducing power of tested extracts. The increase in
iron (III) reductive activity in all samples compared to the initial (D0) analysis would be due
to the concentration of antioxidant molecules in the extracts as a result of water loss that
was much higher in the control samples. Linear correlation between ferric-reducing power
and phenolic contents was medium (R2 = 0.5), thus involving part of these compounds.
Generally, the reducing power of date extracts is due to the presence of substances having
an ideal structure for free radical scavenging: possessing free hydroxyl groups and acting
as hydrogen donors. Similar results have been observed by Gonzalez-Aguilar et al. [41] on
mango, Perkins-Veazie et al. [40] on blueberries and Sheng et al. [38] on table grape, where
the increase in PPT content led to increased antioxidant activity.

In addition to phenolics, involvement of selenium can be established, as date fruit is
a good source of this element, 2.4–4 mg kg−1 [2]. Indeed, Molan et al. [54] found that the
increase in the level of selenium in green tea leads to an increase in its antioxidant activities
FRAP and DPPH. Otherwise, implication of carotenoids in these reductive activities cannot
be considered, especially since the correlation between carotenoid content and antioxidant
activity rate is low (R2 = 0.13; 0.01).

Moreover, the exposition of lettuce to UV-C radiation can significantly decrease
DPPH scavenging activity, but also helps this plant to adapt and increase its tolerance to
salinity stress [50].

In general, and from research studies that realized fruits and vegetables using UV-C
radiation, results are encouraging, since quality was altered but improved in in most cases.
Indeed, astudy conducted by Hosseini et al. [55] showed the effectiveness of low UV-C to
preserve the physicochemical and sensory parameter of pistachio. Furthermore, low doses
are sufficient for some fruits and vegetables, and indeed these researchers noted that the
dose of 2.1 kJ m−2 was more active than 4.5 kJ m−2, and pistachio were in this case lighter,
redder and less yellow than the highest tested dose.

Another study demonstrated that the exposition of a freshly extracted tomato juice
to UV-C could be a good alternative to preserve the industrial quality of this preparation
by slightly increasing some physicochemical properties such as total soluble solid, water
activity, pH, color, titratable acidity and clarity [56]. The color parameter of orange juice
was also preserved after UV-C exposition, and the researchers noted a non-negligible
antimicrobial effect against Saccharomyces cerevisiae [57] which is very promising for fu-
ture industrial application. Almost the same physicochemical results were observed for
white grape juice, and this time the UV-C radiation was active against the Escherichia coli
K-12 strain [58].

4. Conclusions

UV-C radiation low doses contributed to enrichment of date fruit with total polyphe-
nols, flavonoids and tannins, which led to the increase in the antioxidant activity. The en-
richment in component contents of irradiated samples reached a maximum of 0.537 g kg−1

versus the control (0.288 g kg−1) for PPT, and a maximum of 0.370 g kg−1 versus the control
(0.131 g kg−1) of tannins during the first month of storage. On the other hand, a maxi-
mum of flavonoids of 0.050 g kg−1 versus the control (0.035 g kg−1) was obtained after
5 and 6 months of storage. This physical technique has delayed the enzymatic browning
within this fruit. Indeed, the dose (0.6 J cm−2) resulted in the minimum browning index
(0.59 abs g−1) after four months of storage, which was comparable to the other doses. UV-C
radiation of Deglet-Nour fruit may have a positive impact on human health by increasing
the levels of certain bio-compounds in addition to preserving its nutritional quality and
extending its shelf-life. No distinguishable difference between the effects of the three doses
can be confirmed, thus there is a need to test other doses and other parameters, to be able
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to pick out the most adequate for the preservation of nutritional quality and organoleptic
properties of Deglet-Nour fruit.
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Abstract: To combat the threat of antimicrobial resistance, it is important to discover innovative and
effective alternative antibacterial agents. Garlic has been recommended as a medicinal plant with
antibacterial qualities. Hence, we conducted this study to evaluate the antibacterial activity of ultra-
sonicated garlic extract against Escherichia coli, Staphylococcus aureus sub. aureus, Streptococcus mutans,
and Poryphyromonas gingivalis. Aqueous ultrasonicated garlic extract was tested against these strains,
and their antibacterial activity quantified using both agar disk diffusion and agar well diffusion
methods; the plate count technique was used to estimate the total viable count. Moreover, Fourier-
transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), and microplate
spectrophotometry were used to characterize garlic nanoparticles. The results confirmed that all
tested bacteria were sensitive to both sonicated and non-sonicated garlic extracts. Streptococcus mutans
was the most susceptible bacteria; on the other hand, Escherichia coli was the most resistant bacteria.
Furthermore, characterization of the prepared garlic nanoparticles, showed the presence of organosul-
fur and phenolic compounds, carboxyl groups, and protein particles. Based on the obtained results,
ultrasonicated garlic extract is a potent antibacterial agent. It can come in handy while developing
novel antibiotics against bacteria that have developed resistance.

Keywords: garlic; ultrasonication; agar disk diffusion method; plate count technique; nanoparticles

1. Introduction

The increasing mortality rate of infectious diseases is one the most challenging public
health problems faced by different countries worldwide. This compromises and poses
a threat to human health. Numerous synthetic antibiotic agents have always been used
for the management of infectious diseases. Looking at the figures from 2000 to 2015, the
statistics confirm that global antibiotics consumption levels have reached 65%, including the
use of strong antibiotic agents like colistin and carbapenem [1]. Unfortunately, the wide use
of antibiotics has increased the development of bacterial resistant strains to antibiotics [2],
which has resulted in a reduction in the effectiveness of some of the antibacterial agents,
leading to high mortality rates. Antibiotic resistance is considered one of the world’s most
urgent public health problems [3,4].

A literature review has provided guidelines to minimize the increase of antibiotic
resistance in the management of infections. Antibiotic resistance can be reduced by making
an appropriate, timely diagnosis before doing any treatment planning; proper prescription
and use of antibiotics by physicians as well as patients; effective implementation of strate-
gies to prevent the transmission of infectious diseases; and discovering new antibacterial
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agents might help to control microbial drug resistance [5]. Of these, invention of new
antimicrobial agents has been given more attention compared to other strategies [6].

Medicinal plants have been used for many years in the treatment of a vast number of
human diseases by the community, specifically in traditional medicine. They are considered
the main source of new, natural, and safe drugs to be utilized in managing diseases as an
effective and harmless alternative medicine [7,8], because they are not expensive and pose
minimum side effects to humans. According to a report published in 2002 by the World
Health Organization (WHO) in Geneva, medicinal plants have significant value and could
be considered as the best source of complementary and alternative natural medicines [9].

Garlic, scientifically known as Allium sativum, is one of the oldest plants used as a
spice in food and also used as a medicine because of its many benefits to human health
and wellbeing [10,11]. Findings have shown that garlic can be used in the management of
various diseases such as cardiovascular disease and hyperglycemia. Additionallygarlic has
been approved to reduce the risk of cancer, boosting the immune system and protecting
against inflammation as well as infectious diseases [12–14].

Results from different studies have shown that garlic extracts have the capacity to
inhibit the growth of some pathogenic microorganisms [15,16]. Their antimicrobial activity
has been linked to the presence of sulphur compounds [17], specifically, allicin which is
the compound produced by the alliin lyase enzyme, after crushing or bruising a garlic
bulb [12]. Many medical bacteria, including gram-positive and gram-negative strains,
are sensitive to garlic extracts [18,19], indicating that that garlic has a reliable broad-
spectrum of activity related to its chemical composition [20]. However, the amounts
and types of antimicrobial substances extracted depend on diverse extraction methods.
Ultrasound-assisted extraction is considered as one of the best green extraction methods
for extracting bioactive compounds from various spices, including garlic. The advantages
include low-temperature extraction, easy operation, less cost, time, and energy requirement,
and reduced use of toxic chemicals [21,22]. Several studies have conducted ultrasonic-
assisted extraction of bioactive antimicrobial substances from garlic such as allicin, essential
oil, flavonoids, polyphenols, and sulfur compounds [23–27]. However, despite numerous
studies done on garlic extract particles against bacteria, the antibacterial activity of probe
ultrasonicated garlic extract against Staphylococcus aureus sub. aureus, Streptococcus mutans,
Escherichia coli, and Poryphyromonas gingivalis are still not certain. This present study
evaluates the antibacterial activity of probe ultrasonicated garlic extract against the four
listed bacteria so that the results of this study can be utilized for the future development of
novel antibacterial agents for replacing the existing antibacterial agents, against which the
tested bacteria have developed resistance.

2. Materials and Methods

2.1. Source of Bacteria Strains

The tested microorganisms, Streptococcus mutans 11823 (ATCC 25175), Escherichia coli
(ATCC 11234), Staphylococcus aureus sub. aureus (KCT 1928), and Poryphyromonas gingivalis
(KCT 5352) were purchased from the Korean Culture Center for Microorganisms.

2.2. Culture Preparation

All tested bacteria were activated by re-culturing them on their specific agar growth
media, E. coli was re-cultured on trypticase soy agar (TSA), S. mutans, P. gingivalis, and
S. aureus sub. aureus were re-cultured on brain heart infusion (BHI) agar, and the agar plates
were incubated for 24 h at 37 degrees Celsius in an inverted position. After 24 h, bacteria
were picked from each agar plate as single colonies and then sub-cultured into their specific
broth media. Using the spectrophotometer (Optizen 2120UV plus), the turbidity of the
broth culture was standardized at an optical density (OD) of 0.05 at 600 nm, before being
tested against a garlic extract.
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2.3. Preparation of Ultrasonicated Aqueous Garlic Extract

Fresh bulbs of garlic (Allium sativum, obtained from a local market, Gwangjin-gu,
Seoul, Korea) were washed using tap water, peeled, cut into small pieces, and then dried
in the oven at 55 degrees Celsius for seven days. The dried garlic was grounded using an
electric blender, and 20 g of powder was measured and mixed with 100 mL of distilled
water (DW) in a conical flask by the stirring machine. Four samples of 10 mL each were
taken from the aqueous garlic mix, placed in a plastic tube, sonicated (Sonopuls HD
2200 probe ultrasonicator, Bandelin GmbH and Co. KG, Berlin, Germany) at 20 kHz
frequency for 10 min at 100 power (W), and placed in a shaking incubator for 24 h at 300 rpm.
After incubation, all sample solutions were separated from impurities by centrifugation
at 10,000× g for 5 min, the supernatants were collected, and the pellets were discarded
(ultrasonicated supernatant extract). Different concentrations of 100, 80, 60, 40, 20, 10, and
5 mg/mL were prepared from the ultrasonicated extract by dilution with distilled water
(DW) and then tested against all four tested bacteria. Two more samples of 40 mg/mL were
prepared from the sonicated aqueous garlic mix. The ultrasonicated samples were either
filtrated by using Whatman No. 1 paper filter (ultrasonicated extract without centrifugation)
or centrifuged (ultrasonicated supernatant). Another sample of the same concentration
was prepared without sonication (extract without sonication or unsonicated extract).

2.4. Antibacterial Activity by Agar Disc Diffusion

The agar disk diffusion method [28] was used to determine the antibacterial effect of
garlic extract against E. coli, S. mutans, P. gingivalis, and S. aureus sub. aureus. Prepared
agar plates of different nutrient agar media were inoculated with 0.1 mL of a broth culture
of tested bacteria. Using a sterile L-shape spreader; the inoculums were spread over the
agar surface of the plates and kept aside. Sterile paper disks of 10 mm of diameter were
saturated with 0.1 mL of different concentrations (100,80,60,40,20,10, and 5 mg/mL) of
ultrasonicated garlic extract or 40 mg/mL of garlic extract sonicated without centrifugation,
sonicated supernatant, or without sonication to be laid onto the seeded plates. Another
disk was impregnated with 25 mg/mL of streptomycin (standard) and used as a positive
control. Petri dishes with disks (saturated with garlic extract and control) were incubated
overnight at 37 degrees Celsius in an inverted position. After incubation, the diameters of
the zone of inhibition for each respective bacteria for every prepared concentration was
measured around each disk using a ruler in millimeters [29]. Each assay was repeated
in triplicate.

2.5. Antibacterial Activity by Agar Well Diffusion Method

The Agar well diffusion method is a well known method that is used frequently to
determine the antibacterial effect of plant extracts. Using this method, prepared sterile agar
plates were seeded with 0.1 mL of standardized bacterial inoculum on agar surfaces by an
L-shaped spreader, and a sterile 9 mm cork borer was used to create eight uniform wells
(holes) into the agar. Using the micropipette 100 μL of each concentration (100, 80, 60, 40, 20,
10, and 5 mg/mL) of ultrasonicated garlic extract or 40 mg/mL of garlic extract sonicated
without centrifugation, sonicated supernatant, or without sonication were introduced into
different wells. Moreover, well number eight or four was used as a positive control, and
was inoculated with streptomycin (25 mg/mL). Plates were kept on a clean bench for 1 h
to facilitate full penetration of garlic extracts in seeded agar petri dishes, then all plates
were incubated for 24 h at 37 degrees Celsius and then the diameter of the inhibition zone
around each well was measured in millimeter [29]. Each assay was repeated in triplicate,
and the mean inhibition zone was calculated and recorded as the final inhibition zone for
each set.

2.6. Post Interaction Antibacterial Activity

The antibacterial effect of garlic extract was determined by using the plate count
technique [18], which indicates the number of bacteria that survived (total viable count)
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after overnight interaction between the garlic extract and tested bacteria. Total viable count
(TVC) was calculated by mixing 5 mL of the selected serially diluted bacterial broth with
150 μL of each concentration of garlic extract in a test tube. Then, the tubes were incubated
for 24 h in a shaking incubator at 37 degrees Celsius at 120 rpm. After incubation,100 μL of
each interacted sample was poured out of the tubes and seeded on agar plates for overnight
incubation at 37 degrees Celsius. Then, the total viable count was calculated on each plate
and represented as colony-forming units per milliliter (CFU/mL) [30]. Each assay was
done in triplicate to minimize errors.

2.7. Characterization of Garlic Nanoparticles

Characterization of garlic nanoparticles was done using different methods. First the
garlic extract was characterized using a microplate spectrophotometer (SPECTRAmax
PLUS 384). Briefly, four samples of 10 mL each were taken from the mother solution and
placed in a plastic tube, then sonicated using variable frequencies for differing amounts
of time and at different power as indicated below: sample 1 was sonicated at 20 kHz for
5 min at 100 power (W) ultrasonic, sample 2 was sonicated at 20 kHz for 5 min at 200 power
(W), sample 3 was sonicated at 20 kHz for 10 min at 100 Power (W), sample 4 at 20 kHz
for 10 min at 200 power (W), and then all the samples were placed in shaking incubator
for 24 h at 300 rpm. After incubation, all sample solutions were separated from impurities
by centrifugation at 10,000× g for 5 min, and the supernatants were collected, and their
absorbance was scanned from 200 nm to 700 nm wavelength. Three replicates for each
analysis were used, and the mean value of absorbance was obtained and recorded for
graphic representation.

The obtained garlic extract nanoparticles were characterized using the Fourier-transform
infrared spectroscopy (FTIR) method. Four prepared samples of ultrasonicated garlic
extract were dried in the oven for seven days, and then the precipitated pellets were an-
alyzed using FTIR, and the results were recorded on an FTIR spectrometer in the range
4000–500 cm−1. An additional sample without sonication was used as a garlic control.

Furthermore, the size and morphology of the ultrasonicated garlic extract particles
were characterized by utilizing transmission electron microscopy (TEM), where all four
prepared samples were diluted from 1/100, 1/1000 to 1/1000 dilution factors, 2 μL of each
sample were placed on the carbon-coated copper grid for overnight incubation, and then
all prepared copper grids were analyzed using TEM.

2.8. Statistical Analysis

All treatments were repeated two times. Data were analyzed using a SAS program,
Release 9.2. The significance of differences among the means was determined using analysis
of variance and Duncan’s multiple range test (p ≤ 0.05).

3. Results and Discussion

3.1. Inhibition of Nanoparticles of Garlic Extract on the Different Bacteria

The antibacterial activity of the nanoparticles of the ultrasonicated extract was assessed
against two strains of gram-positive bacteria (S. mutans and S. aureus sub. aureus) and
two strains of gram-negative bacteria (E. coli and P. gingivalis) by using both the agar disk
diffusion and agar well diffusion methods. The diameters of the inhibition zones were
determined, and the results are illustrated in Figure 1 and Tables 1–4. Garlic extracts have
also been reported to be effective against both gram-positive and -negative bacteria such as
Bacillus cereus, Escherichia coli, Enterobacter cloacae, Klebsiella pneumoniae, Micrococcus flavus,
Proteus mirabilis, Pseudomonas aeruginosa, Salmonella typhi, Salmonella typhimurium, and
Staphylococcus aureus [31–34].
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Figure 1. Antibacterial activity of different concentrations of nanoparticles (supernatant) of garlic
extract against S. mutans (A), P. gingivalis (B), S. aureus sub. aureus (C), and E. coli (D) by agar disk
diffusion method. (E) represents the antibacterial effect of 40 mg/mL garlic extract treated in different
conditions against P. gingivalis by the agar well diffusion method.

Table 1. Antibacterial activity of nanoparticles (supernatant) of garlic extract against S. mutans,
S. aureus sub. aureus, E. coli, and P. gingivalis by agar disk diffusion method.

Garlic Extract
(mg/mL)

Inhibition Zone (mm)

S. mutans S. aureus sub.
aureus E. coli P. gingivalis

5 0.0 ± 0.0 g 0.0 ± 0.0 d 0.0 ± 0.0 f 0.0 ± 0.0 g

10 0.0 ± 0.0 g 0.0 ± 0.0 d 0.0 ± 0.0 f 0.0 ± 0.0 g

20 12.1 ± 0.7 f 0.0 ± 0.0 d 0.0 ± 0.0 f 11.2 ± f

40 20.2 ± 0.6 e 15.7 ± 0.6 c 14.2 ± 0.8 e 19.3 ± e

60 22.2 ± 1.0 d 16.0 ± 1.0 c 15.3 ± 0.6 d 21.5 ± d

80 24.2 ± 0.7 c 18.1 ± 0.9 b 16.4 ± 0.5 c 23.2 ± c

100 26.2 ± 0.8 b 19.1 ± 1.0 b 17.4 ± 0.5 b 25.3 ± b

Standard 33.0 ± 0.0 a 26.3 ± 0.0 a 24.1 ± 0.0 a 31.9 ± 0.0 a

R-Square 0.9982 0.9922 0.9985 0.9989

Coeff Var 3.41 8.84 3.91 2.71

Root MSE 0.59 1.05 0.43 0.45
Values are the mean ± standard deviation (S.D.) of three replicates. According to Duncan’s multiple range test,
S.D. within a column followed by different letters are significantly different at p ≤ 0.05 level. Coeff Var: oefficient
of variation; Root MSE: Root-mean-square deviation.
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Table 2. Antibacterial activity of nanoparticles (supernatant) of garlic extract against S. mutans,
S. aureus sub. Aureus, E. coli, and P. gingivalis by agar well diffusion method.

Garlic Extract
(mg/mL)

Inhibition Zone (mm)

S. mutans S. aureus sub.
aureus E. coli P. gingivalis

5 0.0 ± 0.0 g 0.0 ± 0.0 e 0.0 ± 0.0 e 0.0 ± 0.0 g

10 0.0 ± 0.0 g 0.0 ± 0.0 e 0.0 ± 0.0 e 0.0 ± 0.0 g

20 15.6 ± 0.6 f 0.0 ± 0.0 e 0.0 ± 0.0 e 14.6 ± 0.7 f

40 22.2 ± 0.4 e 17.3 ± 0.8 d 16.2 ± 0.7 d 21.1 ± 0.4 e

60 24.5 ± 0.9 d 18.9 ± 1.5 c 17.4 ± 0.4 c 23.6 ± 0.5 d

80 26.8 ± 0.6 c 20.0 ± 1.1 c 18.1 ± 0.4 c 25.2 ± 0.9 c

100 28.7 ± 0.9 b 21.4 ± 0.5 b 19.3 ± 0.6 b 27.1 ± 0.7 b

Standard 34.1 ± 0.0 a 27.2 ± 0.0 a 25.5 ± 0.0 a 35.4 ± 0.0 a

R-Square 0.9985 0.9967 0.9990 0.9987

Coeff Var 2.94 5.60 3.05 2.82

Root MSE 0.56 0.73 0.37 0.52
Values are the mean ± standard deviation (S.D.) of three replicates. According to Duncan’s multiple range test,
S.D. within a column followed by different letters are significantly different at p ≤ 0.05 level. Coeff Var: coefficient
of variation; Root MSE: Root-mean-square deviation.

Table 3. Antibacterial activity of 40 mg/mL garlic extracts treated in different conditions by agar disk
diffusion method.

Garlic Extract
(40 mg/mL)

Inhibition Zone (mm)

S. mutans S. aureus sub.
aureus E. coli P. gingivalis

Extract without
sonication 16.4 ± 0.5 d 12.7 ± 0.3 d 11.7 ± 0.4 d 15.1 ± 0.3 d

Sonicated
without

centrifugation
18.6 ± 0.5 c 14.7 ± 0.4 c 13.5 ± 0.3 c 17.5 ± 0.6 c

Sonicated
supernatant 19.5 ± 0.5 b 15.5 ± 0.4 b 14.5 ± 0.5 b 18.7 ± 0.9 b

Standard 33.0 ± 0.0 a 26.3 ± 0.0 a 24.1 ± 0.0 a 34.2 ± 0.0 a

R-Square 0.9973 0.9976 0.9967 0.9960

Coeff Var 1.88 1.84 2.12 2.73

Root MSE 0.41 0.32 0.34 0.59
Values are the mean ± standard deviation (S.D.) of three replicates. According to Duncan’s multiple range test,
S.D. within a column followed by different letters are significantly different at p ≤ 0.05 level. Coeff Var: coefficient
of variation; Root MSE: Root-mean-square deviation.

The results show that different bacteria species exhibited different sensitivities against
the ultrasonicated garlic extract at different concentrations of 5, 10, 20, 40, 80, and 100 mg/mL.
The highest inhibition was observed against S. mutans at concentrations of 100 mg/mL
of garlic nanoparticles and showed the zone of inhibition of 26.2 ± 0.8 mm by agar disk
diffusion (Table 1) and 28.7 ± 0.9 mm by agar well diffusion method (Table 2), which is
the greatest inhibition among all tested strains. P. gingivalis was ranked as the second most
susceptible, followed by S. aureus sub. Aureus, and then E.coli was the bacteria to be least
inhibited by nanoparticles from garlic extract in both the well and disk diffusion methods.
Several studies have shown that garlic extracts possess an intense antibacterial activity
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against S. mutans [35]. The antibacterial activity of garlic is due to its phytochemicals such
as allicin, flavonoids, polyphenols, and sulfur compounds [23–27].

Table 4. Antibacterial activity of 40 mg/mL garlic extracts treated in different conditions by agar well
diffusion method.

Garlic Extract
(40 mg/mL)

Inhibition Zone (mm)

S. mutans S. aureus sub.
aureus E. coli P. gingivalis

Extract without
sonication 18.3 ± 0.3 d 14.3 ± 0.5 d 13.2 ± 0.3 d 17.6 ± 0.5 d

Sonicated
without

centrifugation
20.2 ± 0.5 c 16.2 ± 0.3 c 14.3 ± 0.4 c 19.3 ± 0.6 c

Sonicated
supernatant 21.9 ± 0.3 b 17.2 ± 0.4 b 16.4 ± 0.6 b 20.4 ± 0.7 b

Standard 34.1 ± 0.0 a 27.2 ± 0.0 a 25.5 ± 0.0 a 35.4 ± 0.0 a

R-Square 0.9983 0.9971 0.9958 0.9961

Coeff Var 1.32 1.75 2.21 2.36

Root MSE 0.31 0.32 0.38 0.55
Values are the mean ± standard deviation (S.D.) of three replicates. According to Duncan’s multiple range test,
S.D. within a column followed by different letters are significantly different at p ≤ 0.05 level. Coeff Var: coefficient
of variation; Root MSE: Root-mean-square deviation.

Escherichia coli was the least susceptible and showed the minimum sensibility when
tested against 40 mg/mL with a corresponding inhibition zone of 14.2 ± 0.8 mm and
16.3 ± 0.7 mm using the agar disk diffusion and agar well diffusion methods, respectively.
The positive control result (streptomycin) confirmed that the bacteria were susceptible to
streptomycin, the bacteria had various diameters of inhibition zones of 33.0, 31.9, 26.3,
and 24.1 mm around the disk for S. mutans, P. gingivalis, S. aureus sub. Aureus, and
E. coli, respectively, when tested by using agar disk diffusion (Table 1). Similarly, the
antibacterial activity of garlic extracts was also found to be less effective against E. coli and
S. aureus [36–38].

On the other hand, the present study proved that all tested bacteria were resistant to
5 mg/mL and 10 mg/mL. Moreover, both E. coli and S. aureus sub. aureus were resistant
specifically to 20 mg/mL. These results are in agreement with Khashan [32], who assessed
the antibacterial activity of garlic extract against S. aureus and found that concentrations of
garlic extract ranging from 10 to 20 mg/mL were unable to inhibit the growth of S. aureus.
Moderate growth inhibition was observed at concentrations of garlic extract ranging from
40 to 60 mg/mL, while the concentrations of 80 to 100 mg/mL showed the strongest
inhibition activity against S. aureus [32]. Contrary to E. coli and S. aureus sub. aureus, during
our study S. mutans and P. gingivalis were sensitive to 20 mg/mL (Tables 1 and 2).

In general, all four bacteria tested, whether gram-negative or gram-positive, were
sensitive to nanoparticles of garlic extract, regardless of the concentration tested in this
study. However, the growth inhibition depended on the bacterial species. These find-
ings are consistent with previous research that looked at the antibacterial activity of
south Indian spices [39], Greek garlic genotypes [33], and Chinese and Desi varieties [40]
against Aeromonas hydrophila, B. cereus, E. coli, E. cloacae, Enterococcus faecalis, K. pneumonia,
Listeria monocytogenes, M. flavus, P. mirabilis, P. aeruginosa, and Salmonella species.

The obtained results also show that all tested bacteria had higher inhibition zones
when tested using the agar well diffusion method than when tested using the disk diffusion
method. This could be due to the high absorption of garlic extract when introduced into
the wells, whereas in the disk diffusion method, the disk is pressed on the agar surface and
does not allow for the complete diffusion of garlic extract on the agar surface. Another
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supporting point is that when utilizing the disk diffusion approach, some extract’s active
components may be held within the disk’s pores and limiting their ability to reach the
inoculation media, preventing the extract from performing to its full potential [41].

In the present study, the diameter of the inhibition zone increased with the concentra-
tion of garlic extract; the more the concentration increased, the more the zone of inhibition
increased (Tables 1 and 2). The results of this study are in line with the findings of the
research done by Fatemeh et al. [42], who investigated the antibacterial effect of garlic and
Eucalyptus extracts on oral cariogenic bacteria, and reported that both Streptococcus mutans
and Lactobacillus acidophilus were sensitive to garlic extract and the association between
concentration of garlic extract and the inhibition zone was proved. As the concentration
increased, the diameter of the inhibition zone gradually increased [42].

The results presented in Tables 3 and 4 indicate the inhibition zones of the garlic
extract on the four tested bacteria at a 40 mg/mL concentration under three different
extraction conditions. The sonicated garlic extract treatment without centrifugation was the
second strongest extract to inhibit the growth of all tested bacteria. Garlic extract without
sonication showed the minimum inhibition zone compared to other extracts (Table 3). By
using the agar well diffusion method, 40 mg/mL of the sonicated supernatant extract
treatment showed high inhibition zones when compared with other types of garlic extracts.
The inhibition zones of all tested bacteria were 21.9 ± 0.3, 17.2 ± 0.4, 16.4 ± 0.6, and
20.4 ± 0.7 mm on S. mutans, S. aureus sub. aureus, E. coli, and P. gingivalis respectively. The
results were better than that of Garba et al. [43] and Liaqat et al. [44]. Inhibition zones of
24 mm and 23 mm were obtained against E. coli and S. aureus, respectively, when methanolic
extract of garlic was used at 200 mg/mL [43]. On the other hand, methanolic garlic extract
(200 mg/mL) exhibited higher activity against S. aureus (25.33 mm) followed by E. coli
(22.33 mm) [44].

3.2. Antibacterial Activity of Nanoparticles of Garlic Extract on Tested Bacteria by Plate
Count Method

Results showing the total viable counts of all tested bacteria in colony-forming units
per millimeter (CFU/mL) post interaction with the garlic extract and bacteria broth culture
are illustrated in Figure 2. The results proved that all tested bacteria were challenged by
the garlic extract during overnight incubation and led to a high reduction in cell number
of S. mutans at 100 mg/mL. S. mutans decreased from 1.77 × 104 CFU/mL (control) up
to 0 CFU/mL, P. gingivalis showed a decline from 2.01 × 104 to 0 CFU/mL, S. aureus sub.
aureus reduced from 2.05 × 105 CFU/mL to 0 CFU/mL, and the most resistant bacteria
E. coli, decreased to 0 CFU/mL when tested with 100 mg/mL concentrations, compared to
the control (2.03 × 105 CFU/mL).

In general, there was a reduction in total viable counts of all tested bacteria when
bacteria interacted with the different concentrations of garlic extract from the lowest
concentration of 5 mg/mL to the highest concentration of 100 mg/mL compared with the
control bacteria cultures. In this study, it was discovered that increasing the concentration
of garlic extract reduces the number of bacteria that survive in CFU/mL; these findings are
consistent with those of Alwazni et al. [45], who compared the antibacterial effects of garlic
and onion on E. coli, Salmonella typhi, Pseudomonas aeruginosa, and Klebsiella pneumonia.

3.3. Role of Sonication on Antibacterial Activity of Garlic Extract

The current findings show that 40 mg/mL of the sonicated supernatant garlic extract
had the greatest inhibition on S. mutans. The counts reduced from 1.77 × 104 CFU/mL
(control) to 0.58 × 104 CFU/mL, whereas 40 mg/mL the sonicated garlic extract without
centrifugation reduced S. mutans colonies to 0.64 × 104 CFU/mL, and garlic extract without
sonication did not show significant inhibition in the sonicated extracts. It reduced the bac-
terial counts to 0.88 × 104 CFU/mL. The second bacteria to be challenged with 40 mg/mL
of the sonicated garlic extract were P. gingivalis; a decline from 2.01 × 104 CFU/mL to
0.64 × 104 CFU/mL was observed. The sonicated samples without centrifugation were
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effective against P. gingivalis up to 0.7 × 104 and the unsonicated garlic extract inhibited
P. gingivalis up to 1.0 × 104 CFU/mL, Staphylococcus aureus followed, showing maximum
effectivity at 40 mg/mL of the sonicated supernatant sample, bringing about a reduc-
tion in the bacterial count from 2.05 × 105 CFU/mL to 0.67 × 105 CFU/mL compared to
1.2 × 105 CFU/mL of the unsonicated sample (Figure 3).

 

Figure 2. Graphical presentation of antibacterial activity of nanoparticles (supernatant) of garlic ex-
tract in terms of total viable counts (CFU/mL) on tested bacteria. Values are means of determinations
of three replicates, and bars represent standard deviations (S.Ds.) of the means. S.Ds. followed by
different letters are significantly different at p ≤ 0.05 level by Duncan’s multiple range test.

The least susceptible bacteria (E. coli) when treated at concentrations of 40 mg/mL
showed a reduction in counts from 2.30 × 105 CFU/mL to 0.78 × 105 CFU/mL against the
sonicated supernatant garlic extracts. The unsonicated garlic extracts without centrifuga-
tion decreased E. coli to 0.84 × 105 CFU/mL. The sample that showed the least bacterial
inhibition on E. coli was garlic extract without sonication (1.4 × 105 CFU/mL). The above
findings indicate the positive influence of sonication on increasing the capacity of garlic
extract to inhibit the growth of all tested bacteria through increasing extraction of active
compounds, mostly allicin, the biological compound of garlic that is responsible for many
biological benefits of garlic extract, including its antibacterial property [46]. This is in accor-
dance with another investigations based on the influence of ultrasound, microwaves, and
other factors on synthetic allicin and showed that allicin production during ultrasonication
extraction increases with sonication, through cavitation effects caused by ultrasound on the
cell material by disrupting the cell wall structure, increasing the speed of diffusion, causing
cell lysis, and ultimately releasing the cell contents as well, which indicates the high release
of allicin during ultrasonication of garlic during extraction [47]. Effective extraction of
garlic active compounds during sonication could be explained by the mechanism of the
high solubility of garlic in water when ultrasonicated [21], leading to the breaking of garlic
into nanoparticles that easily interact with biological systems.
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Figure 3. Graphical presentation of the total viable count of 40 mg/mL of garlic extract treated in
different conditions on tested bacteria. Values are means of determinations of three replicates, and
bars represent standard deviations (S.Ds.) of the means. S.Ds. followed by different letters, are
significantly different at p ≤ 0.05 level by Duncan’s multiple range test.

Briefly, the effect of sonication on the antibacterial capacity of the garlic extract in the
reduction of total viable counts when bacteria were tested against 40 mg/mL treated in
different conditions was reported in Figure 3 and indicated that the sonicated supernatant
garlic extract significantly reduced the total viable bacteria counts compared to other types
of garlic extracts.

3.4. Characterization of Nanoparticles of Garlic Extract by Microplate Spectrophotometer

The UV-Vis spectrophotometric characterization was carried out using a microplate
spectrophotometer, and the absorbance was scanned in the wavelength range from 200 nm
to 750 nm. The spectrophotometer results showed that the maximum absorbance of
nanoparticles of garlic extract was in the visible wavelength range of around 240–300 nm,
which is typically the range of allicin [48], which is an organosulfur compound found in
garlic and plays the vital role in the antibacterial property of garlic extract.

During this study, it was observed that the sonicated samples showed high absorbance
compared to the unsonicated sample (control); however, no significant differences in the
peak location or absorbance was observed among the four sonicated samples, prepared at
various times and at different sonication power (Figure 4).

A slight difference was observed in sonication time which indicated that as soni-
cation time increased, the absorbance of the four sonicated samples slightly increased.
The marginal differences might be due to high extraction efficiency when the sonication
time increased; however, the power (Watt) did not show an impact on the peak location
or absorbance.
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Figure 4. Microplate spectrophotometer absorption of nanoparticles of the garlic extract prepared
using various sonication time and power (Sample 1, 2, 3, 4: sonicated samples, control: unsoni-
cated sample).

3.5. Characterization of Nanoparticle of Garlic Extract by FTIR

FTIR spectroscopy was used to discover the successful extraction of garlic nanoparti-
cles, and spectra were obtained in the wavenumber range of 500–3500 cm−1. The results
of the FTIR spectrum of the ultra-sonicated garlic extract showed visible peaks at around
3345.8, 2934.1, 2360.5, 1635.6, 1417.5, 1130.7, 1025, 930.61, 815.4, and 591.5 cm−1 wavenum-
bers (Figure 5).

The wide peak at 3345.8 cm−1 can be assigned to the presence of the O–H stretching
vibration in the hydroxyl group. These results also indicated that there is asymmetric
stretching in the C–H bonds at 2934.1 cm−1, at 1635 cm−1 FTIR revealed the presence of
carbonyl or carboxylic (C=O) stretching bands, the same results confirm the presence of the
–O–H bend in carboxylic at 1417 cm−1, at 1130.7 cm−1 the results revealed the presence of
an S=O bond, the presence of C–N stretching vibrations in primary amines was observed
at 1025 cm−1, at 930.6 cm−1 FTIR showed the presence of a γ-C–H deformation in =CH2,
at 815 cm−1 we observed the presence of an S–C bond which might indicate the absorption
of allicin, an organosulfur compound present in the garlic extract [49], and finally these
results recorded the presence of a C–H bend in the alkynes at 530 cm−1.
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Figure 5. FTIR spectrum of nanoparticles from garlic extract.

The current ultrasonicated garlic extract FTIR spectrum matches previous research on
the presence of functional groups in aqueous garlic extracts [50,51]. Based on the spectrum
mentioned above, we would say that phenolic, organosulfur compounds, amino acids,
carboxylic groups, and proteins are the active groups that play a key part in the antibacterial
activity of ultrasonicated garlic extract. This conclusion is supported by findings of several
investigations that found the same major phytochemicals in garlic extract [52,53].

3.6. Characterization of Nanoparticles of Garlic Extract by TEM

In order to confirm the nature of the nanoparticles from the ultrasonicated garlic
extract, TEM was used and it revealed that the garlic nanoparticles consisted of random
sized particles, a few rods, and a few spherical particles (Figure 6), which were randomly
dispersed, and had small sizes (less than 50 nm). The antibacterial property of garlic
extract could be attributed to its bioactive particles’ small size and morphology since
particle size and surface area influence the interaction between chemical compounds and
biological systems. Reduction in the size of bioactive particles leads to an increased surface
area coming in contact with microorganisms, enhancing their interaction and leading
to antibacterial activities [54], this is in line with other studies that have been done on
the antibacterial properties of nanoparticles and have indicated that small and formless
particles are the most effective particles to inhibit the growth of bacteria [55,56]. Various
writings have documented how nanoparticles act and highlighted that they inhibit bacterial
growth by anchoring to and penetrating the bacterial cell wall. When the reach the inside
of the bacteria, they start modulating cellular signaling by dephosphorylating putative key
peptide substrates on tyrosine residues leading to the inhibition of bacteria growth [57].
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Figure 6. Transmission electron microscope image of garlic nanoparticles.

4. Conclusions

In general, the results of this present study demonstrated that the ultrasonicated garlic
extracts showed the antibacterial capacity to inhibit the growth of S. mutans, S. aureus sub.
aureus, P. gingivalis, and E. coli bacteria. The efficiency of garlic against bacteria might
be related to its phenolic, organosulfur compounds, amino acids, carboxylic groups, and
protein contents. Furthermore, we strongly recommend further studies to evaluate the
antibacterial activity of ultrasonicated garlic extract against viruses and fungi.
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Abstract: The present study was carried out to develop an experimental endodontic irrigant solution
based on plant extracts obtained from Epilobium parviflorum Schreb. that largely replenish the proper-
ties of the usual antiseptics used in dentistry. Background: This study investigated the phytochemical
contents of plant extracts obtained from Epilobium parviflorum Schreb. and their potential antibacterial
activity. Methods: Identification and quantification of biologically active compounds were made
by UV field photo spectrometry, adapting the Folin-Ciocalteu test method. Antibacterial activity
was tested on pathological bacterial cultures collected from tooth with endodontic infections using a
modified Kirby-Bauer diffuse metric method. Results: Polyphenols and flavonoids were present in all
plant extracts; the hydroalcoholic extract had the highest amount of polyphenols—17.44 pyrogallol
equivalent (Eq Pir)/mL and flavonoids—3.13 quercetin equivalent (Eq Qr)/mL. Plant extracts had
antibacterial activity among the tested bacterial species with the following inhibition diameter: White
Staphylococcus (16.5 mm), Streptococcus mitis (25 mm), Streptococcus sanguis (27 mm), Enterococcus
faecalis (10 mm). Conclusions: All plant extracts contain polyphenols and flavonoids; the antibacterial
activity was in direct ratio with the amount of the bioactive compounds.

Keywords: antibacterial activity; Epilobium parviflorum Schreb.; flavonoids; phenols; vegetable extract

1. Introduction

Epilobium is a genus of perennial herbaceous plant (Onagraceae family). The most com-
mon species include Epilobium parviflorum Schreb., Epilobium hirsutum, Epilobium rosmarini-
folium (Epilobium dodonaei Vill.), Epilobium roseum Schreb. and Epilobium angustifolium [1].

The anti-inflammatory and antiproliferative activity of Epilobium parviflorum Schreb.
extracts was initially studied on cells in the context of benign prostatic hyperplasia; the
analgesic, antioxidant, antibacterial and antifungal actions were studied in parallel [2–4]. Plant
polyphenols represent a group of chemical substances ubiquitously distributed in all higher
plants. These secondary metabolites possess free radical scavenging and antibacterial
activity. These properties can be advantageously exploited, especially because of the
abundance of polyphenols and their derivatives in various agricultural and food industry
waste and by-products, and the possibility of convenient extraction by either organic or
aqueous solvents [5–7].

In the oral cavity, nearly 700 species of bacteria can be found, including most of Firmi-
cutes, Bacteroidetes, Actinobacteria and Proteobacteria [8]. There are two types of root canal
infections: primary and secondary, each with specific microbiology. The primary infection
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results from colonization with a heterogenous group of microbes that have entered the pulp
tissue, when exposed during caries or traumas; this group is dominated by Gram-negative
oral anaerobic bacteria (Prevotella species, Porphyromonas species, Fusobacterium species,
Veillonella species), aside from bacterial species which are also part of the commensal oral
microflora: Gram-positive anaerobic bacteria (Propionibacterium species, Bifidobacterium
species, anaerobic streptococci), treponemas or Campylobacter species [8,9]. The secondary
infection appears inside the root canal system, after the treatment of the affected tooth has
been initiated and harbor a limited number of bacterial species, with predominance of
Gram-positive bacteria, namely Enterococcus faecalis (E. faecalis), oral streptococci, lactobacilli
or Candida albicans; in contrast, Gram-negative bacteria are involved to a lesser extent [10].
The most common microorganism found in asymptomatic, persistent endodontic infec-
tions is E. faecalis. Its incidence in this type of infection varies from 24% to 77% [8,10].
E. faecalis possesses enzymes and constitutive structures that are able to suppress the action
of lymphocytes and promote inflammation, which contributes to progression of endodontic
infections [10,11]. Also, this microorganism has the ability to attach to dentin due to an
inner component which is the collagen-binding protein [9,11,12].

Several studies have evaluated the antimicrobial efficacy of endodontic irrigants
such as sodium hypochlorite (NaOCl), ethylene diamine tetra acetic acid (EDTA) and
chlorhexidine (CHX) against E. faecalis biofilms [13]. In general, the aim of any disinfection
strategy is to reduce the bacterial load to a subcritical level so that the patient’s immune
response allows healing by itself [14]. Endodontic research has always been focused on
developing methods or endodontic irrigants that can completely remove the bacterial
biofilm with minimal side-effects. Various endodontic irrigants are being widely used in
the treatment of biofilms with varied effectiveness. Although 2% CHX has been proven
to possess a high antimicrobial property, it has failed to disrupt the biofilm. NaOCl can
disrupt the biofilm, disintegrating the dental pulp which is a built-in organ, but it is a
well-known irritant to periapical tissues. Therefore, identification of natural products in
the disinfection of root canals can be interesting [13,15,16].

In unconventional modern practice, endodontists seek the use of natural remedies
as an adjunct to classical therapy, especially since the antibacterial action of plant extracts
meets the phenomenon of antibiotic resistance, a problem that dominated medical practice
in the second millennium and which seems to persist in an upward trend in the third
millennium [17].

Plant extracts are fluid, soft or dry pharmaceutical/phytopharmaceutical preparations
obtained by extracting plant products with different solvents [18].

In recent years, emphasis has been placed on the pharmaceutical and therapeutic
revaluation of herbal preparations through a good knowledge of the physio-chemical and
therapeutic properties of the active ingredients in medicinal plants and the development of
extraction techniques and quality control means. Extractive solutions are pharmaceutical
forms that contain smaller or larger proportions of active substances together with less
active ones and ballast, extracted with the help of solvents. The extraction process involves
the separation of the medically active portions of the plant tissues from the inactive or inert
components by the use of selective solvents in standardized procedures [19].

Aqueous extractive solutions are prepared from different parts of the plant or mix-
tures of medicinal plants, using water as a solvent, preferably distilled or softened [20].
Description of the double maceration technique: the extracted product is first mixed with
1/2–2/3 of the total amount of solvent, after which the liquid is separated and the residue
is pressed. It will contact the rest of the solvent, thus obtaining a new amount of extractive
solution. The two extractive liquids will combine and filter after a 24-h rest [21].

Ultrasound-assisted extraction (UAE) is one of the most important techniques used
for the extraction of valuable compounds from plant materials and is quite adaptable in the
laboratory or on an industrial scale [22,23]. The method involves the use of ultrasound, with
frequencies ranging from 20 kHz to 2000 kHz, which increase the permeability of cell walls
and produce cell lysis, thus promoting the extraction of biologically active compounds [24].
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The aim of the study is the use of plant extracts, obtained from Epilobium parviflorum Schreb.,
as a basis for alternative therapy in perspective in the treatment of endodontic pathology.

There were two distinct objectives of this study:

(1) Identification and quantification of phenols and flavonoids from the vegetable extracts
obtained from Epilobium parviflorum Schreb.;

(2) Testing the antibacterial activity of the vegetable extracts.

2. Materials and Methods

2.1. Harvesting the Plant and Obtaining the Extracts

Plants were picked during the summer period from rural region of Dobrogea area and
left to dry for one month. In the technological process, a drying yield of 20% was used.

In order to obtain an increased concentration of polyphenols in the aqueous extract,
a double maceration extraction technique was used according to the European Pharma-
copoeia (2016) [25].

To obtain the hydroalcoholic extract, in a borosilicate container, 50 g of dried Epilobium
parviflorum Schreb. were added to 100 mL of 95% ethanol and 100 mL distilled water, then
stored at room temperature for 7 days.

To obtain the ultrasonicated hydroalcoholic extract, in a borosilicate container, 50 g of
Epilobium parviflorum Schreb. plant extract, 100 mL of double-distilled water and 100 mL of
absolute ethyl alcohol were placed in a glass container; then it was placed in an ultrasonic
bath (30,000 Hz) for 10 min a day, over 5 days.

The hydroalcoholic plant extracts were placed in a rotary evaporator (IKA-RV 10 digital
V, Staufen Baden-Wurtemberg, Germany) to evaporate the solvent, at temperatures lower
than 40 ◦C and under reduced pressure. Finally, the remaining ethanol was evaporated,
placing the flask on the kiln drier until obtaining a consistent weight (three days) [26].
In order to remove the microorganisms from the vegetable extract and to obtain a sterile
product, a 0.22 μm filter membrane was used, according to the specialized data from the
European Pharmacopoeia—Sterility Control (2016), mounted on the vacuum filtration
system. Both the filter membrane and the filtration system were mounted together and then
autoclaved. To verify the absence of microorganisms in the obtained extracts, a sterility
test was performed by the cultivation method, according to European Pharmacopoeia
(9th ed, harmonized, Chapter 2.VI.1 Sterility, 2016). Sterility testing method: 10 mL samples
were taken aseptically and transferred to 100 mL liquid medium (Bio-Merieux, Craponne,
France); 3 replicates/type of environment were tested (to promote the development of
aerobic and anaerobic microorganisms). The result came as a sterile sample; all test samples
tested showed absent microbial growth, as well as the associated negative controls [25].

2.2. Identification and Quantification of Biologically Active Compounds

Ethanol as a solvent extraction in analytical grade was obtained from Merck in Darm-
stadt, Germany; pyrogallol and quercetin were obtained from Sigma-Aldrich Co. (St. Louis,
MO, USA).

The Folin-Ciocalteu test method is the simplest method available for measuring the
phenolic content of organic products [27]. The basic mechanism is an oxidation/reduction
reaction, with the phenolic group being oxidized and the reduction of the metal ion [28].
The principle of the method is based on the reaction between Folin-Ciocalteu reagent and
phosphomolybdic acid with the phenolic compounds in the sample, resulting in a mixture
of blue oxides [29]. The spectrophotometric measurements were performed with a Specord
M400 spectrophotometer, Carl Zeiss, Yena, Germany, using a 1 cm quartz cell.

2.3. Bacteriological Tests

• Study group

A prospective study was conducted in Constant,a, on 60 adults, who required endodon-
tic therapy, in the Endodontics Department of Dentistry Faculty, “Ovidius” University of
Constant,a. Ethical approval for the study was obtained from the Bioethic’s committee of
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Ovidius University 15547/09.11.2018. The study was conducted following the Helsinki dec-
laration that was revised in 2013. Evaluation took place for two years, started on December
2018 and finished on November 2020. All patients with posterior teeth diagnosed with pulp
necrosis (i.e., negative response to pulp sensitivity test with cold stimulus, confirmed by
absence of bleeding during access cavity preparation), asymptomatic or symptomatic apical
periodontitis were considered eligible and included in the study group after providing
signed informed consent for the research. All personal data collected from the subject were
blinded and stored with the given unique registration number.

The inclusion criteria in the study were: participants had to be over 18 years of age
without allergic reactions with posterior teeth diagnosed with pulp necrosis. Moreover,
the included teeth also had either symptomatic apical periodontitis, asymptomatic apical
periodontitis or chronic apical abscess associated with a periapical radiolucency; absence
of root fracture of the involved tooth, absence of periodontal pocket. The exclusion criteria
from the study were: patients who are unable to appear for periodic check-ups, teeth with
simple decay, teeth with hyperemia, poor oral hygiene, absence of enough tooth structure
for rubber dam isolation, patients with the contributory medical history, patients who
received antibiotic therapy during the previous 6 months.

At the beginning of the study, 60 patients with asymptomatic or symptomatic apical
periodontitis were examined; only 40 of them were accepted for inclusion in the study
based on acceptance criteria.

• Harvesting pathological products

The pathological product, infected dentin, was harvested using a sterile Kerr file
(20 ISO, Dentsply Sirona), which was then placed in a container with culture medium
(Bio-Merieux, France) and transported to the Microbiology Laboratory of the Faculty of
Dentistry of the “Ovidius” University of Constant,a. The products were seeded on culture
medium (Columbia agar +5% sheep blood, Bio-Merieux, Craponne, France) which were
then thermostated at 37 ◦C for 24 h (Figure 1a,b).

Figure 1. (a,b)—Bacterial cultures developed from pathological products after thermostating at 37 ◦C
for 24 h.

• Bacteriological identification technique

After seeding on culture media and thermostating, bacterial identification was made
using the API (Bio-Merieux, Craponne, France) method (Figure 2a,b).

70



Appl. Sci. 2022, 12, 2751

Figure 2. (a,b) API kit (Bio-Merieux, Craponne, France) for the identification of bacterial cultures.

Among the bacterial species, identified from the pathological products taken, are:
White Staphylococcus, Streptococcus mitis, Streptococcus sanguis, Enterococcus faecalis and
Escherichia coli (Figures 3 and 4).

Figure 3. Bacterial cultures, (a) Escherichia coli; (b) Enterococcus faecalis.

Figure 4. Bacterial cultures, (a) Streptococcus mitis; (b) Streptococcus sanguis.

• Antibacterial effect testing technique of the vegetable extracts

The antibacterial properties were tested on the following bacterial species: White
Staphylococcus, Streptococcus mitis, Streptococcus sanguis, Escherichia coli, Enterococcus faecalis.
They were sown in Mueller-Hinton and Columbia culture medium (Bio-Merieux, Craponne,
France). The bacterial suspension used corresponded to a concentration of 107 colonies per
training unit/mL micro-test, which correspond to a turbidity of the 0.5 Mac Farland tube
(Figures 5 and 6) [30].
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Figure 5. Sampling of bacterial colonies for later introduction into isotonic chloride suspension.

Figure 6. Measurement of the turbidity of the sodium microorganism suspension solution.

The Kirby-Bauer test for antibiotic susceptibility, known as the disc diffusion test, is a
standard that has been used for years. This test determines the sensitivity or resistance of
bacterial strains to antibiotics. The principle of the method relies on the direct proportional-
ity relationship between the level of sensitivity and the size of the inhibition area of germs
colonies developed around the tested substance. Bacterial sensitivity test was realized by
adapting the Kirby-Bauer diffusion method in accordance with the protocol described by
Romanian Microbiology Society in the Clinical microbiology guide (2017) [31,32].

The method’s adaptation consisted of replacing the antibiotic discs with sterile filter
paper discs, with the same size as those used in antibiograms; the discs were saturated
with 50 μL of the test solution. These discs were applied on the culture medium previously
seeded with the bacterial strains to be tested (Figure 7); the incubation time was 24 h at
37 ◦C. For comparison, similar to the test solutions we applied filter paper discs im-
pregnated with commercial irrigants used in the practice of endodontics NaOCl 5.25%
(Cerkamed, Stalowa Wola, Poland) and CHX 2% (Cerkamed, Stalowa Wola, Poland) on the
surface of the sown medium (Figure 8).

2.4. Statistical Analysis

The values in the figures are expressed as mean ± standard error (SEM) of three
independent experiments. When required, data sets were examined by one-way analysis
of variance (ANOVA) and Dunnett’s test as post analysis. A p-value less than 0.05 was
considered statistically significant.
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Figure 7. Applying the filter paper disc saturated with 50 μL of the test solution.

Figure 8. Commercial endodontic irrigants.

3. Results

3.1. Quantification of Total polyphenols in the Three Types of Plant Extracts

The linear regression equation was calculated and a good linear relationship was
obtained between the standard concentrations (0.05–5 mg/mL) and the absorption at
760 nm of the reaction solution (Table 1), using as standard pyrogallol calibration. The total
polyphenol content of the extracts was expressed as pyrogallol equivalent (EqPir) in the
calibration curve (Scheme 1).

Table 1. Pyrogallol standard.

Concentration
mg/mL

Absorbance
at 760 nm

5.00 3.6022
2.5 2.1865

1.00 1.2698
0.5 0.9899
0.1 0.6654

0.05 0.4049

Table 2 presents the total phenolic content of the hydroalcoholic plant extract obtained
from Epilobium parviflorum Schreb. which was determined from the regression equation
(Scheme 1) of the calibration curve, ranging from 17.27 to 17.56 mg EqPir/g plant pow-
der with an arithmetic mean of 17.44 mg EqPir/g vegetable powder; the total phenolic
content of the ultrasonicated hydroalcoholic plant extract was determined from the re-
gression equation of the calibration curve (Scheme 1), ranging from 16.90 to 17.15 mg
EqPir/g vegetable powder with an average arithmetic mean of 17.05 mg EqPir/g vegetable
powder; the total phenolic content of the aqueous plant extract was determined from
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the regression equation (Scheme 1) of the calibration curve, ranging from 5.62 to 5.65 mg
EqPir/g plant powder with an arithmetic mean of 5.63 mg EqPir/g vegetable powder
(Table 2). The highest polyphenol content was the hydroalcoholic plant extract with a mean
of 17.44 Eq Pir/mL; at the opposite pole, the lowest polyphenol content was the aqueous
plant extract with a mean of 5.63 Eq Pir/mL.

Scheme 1. Calibration curve for the pyrogallol standard.

Table 2. Results of determinations in Eq Pir/mL of total polyphenol content.

Vegetable Extract Determinations No. Absorbance EqPir/mL

Hydroalcoholic

1 1.6459 17.27
2 1.6635 17.56
3 1.6589 17.48

Mean/SD 17.44 ± 0.14

Ultrasonicated
hydroalcoholic

1 1.6349 17.10
2 1.6381 17.15
3 1.6225 16.90

Mean/SD 17.05 ± 0.13

Aqueous

1 0.9236 5.65
2 0.9218 5.62
3 0.9220 5.62

Mean/SD 5.63 ± 0.01
SD = Standard deviation.

3.2. Quantification of Total Flavonoids

The linear regression equation was calculated and a good linear relationship was
obtained between the standard concentrations (0.05–5 mg/mL) and the absorption of the
reaction solution at 750 nm (Table 3), using as standard quercetin calibration. The total
flavonoid content of the extracts was expressed as quercetin equivalent (EqQr) in the
calibration curve (Scheme 2).

Table 3. Quercetin standard.

Concentration
mg/mL

Absorbance
at 760 nm

5 3.1443
2.5 1.6345
1 0.8510

0.5 0.4407
0.1 0.1307

0.05 0.0768
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Scheme 2. Calibration curve for the quercetin standard.

As there are no significant differences in the total phenol content between the hy-
droalcoholic plant extract and the ultrasonicated hydroalcoholic extract, it was decided to
determine the total flavonoid content only for the hydroalcoholic extract.

Table 4 presents the total flavonoid content of the hydroalcoholic plant extract obtained
from Epilobium parviflorum Schreb. which was determined from the regression equation
(Scheme 2) of the calibration curve, ranging from 2.84 to 2.9 mg EqQr/g plant powder
with an arithmetic mean of 2.87 mg EqQr/g vegetable powder; the content of the aqueous
plant extract was determined from the regression equation (Scheme 2) of the calibration
curve, ranging from 0.78 to 0.9 mg EqQr/g plant powder with an arithmetic mean of
0.86 mg EqQr/g vegetable powder. The hydroalcoholic plant extract had the highest
flavonoid content with a mean of 2.87 Eq Qr/mL, and the aqueous plant extract had the
lowest level with a mean of 0.86 Eq Qr/mL.

Table 4. Results of determinations in Eq Qr/mL of total flavonoid content.

Vegetable Extract Determinations No. Absorbance EqQr/mL

Hydroalcoholic

1 2.3569 2.87
2 2.3411 2.84
3 2.3779 2.90

Mean/SD 2.87 ± 0.02

Aqueous

1 1.1332 0.9
2 1.0619 0.78
3 1.1341 0.9

Mean/SD 0.86 ± 0.06
SD = Standard deviation.

3.3. Test Results for Antibacterial Activity of Plant Extracts

The aqueous solution lacks antibacterial activity on White Staphylococcus, while the two
hydroalcoholic plant extracts have an antibacterial effect proportional to the concentration
of phenolic compounds. The same aspect was identified on other tested bacterial species,
Enterococcus faecalis, Streptococcus mitis, Streptococcus sanguis and Escherichia coli, respectively;
the diameter of the areas of inhibition expressed in mm for the above-mentioned bacterial
species tested are given in Table 5.

As can be seen in Scheme 3, the aqueous plant extract has no antibacterial action on any
of the tested strains; on the Escherichia coli strain, none of the plant extracts have antibacterial
action. On the rest of the tested strains, the antibacterial action is in direct proportionality
to the concentration of total polyphenols from the hydroalcoholic plant extracts.
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Table 5. Diameters of inhibition areas expressed in mm.

Vegetable
Extract

White
Staphylococcus

Streptococcus
mitis

Streptococcus
sanguis

Enterococcus
faecalis

Escherichia
coli

Hydroalcoholic
18 26.5 25.5 11.5 0
20 26 26 12 0
19 25.5 26.5 12.5 0

Ultrasonicated
hydroalcoholic

16 25.5 26.5 9.5 0
17 25 27 10 0

16.5 24.5 27.5 10.5 0

Aqueous Lacks antibacterial activity on all strains tested

Scheme 3. Inhibition areas in mm of plant extracts.

3.4. Correlations between Biologically Active Compounds and the Antibacterial Effect

As can be seen in Table 6 there is a direct proportionality between the total content of
biologically active compounds (polyphenols and flavonoids) in the hydroalcoholic plant
extract and the antibacterial action on White Staphylococcus; the statistical study shows that
there is a high correlation between the two parameters, expressed by a Pearson correlation
index of 0.998. The same aspect can be identified for the other bacterial species except for
Escherichia coli.

Table 6. Correlations between antibacterial action and total polyphenol and flavonoid content of
plant extracts.

Polyphenol Content Flavonoid Content

Pearson Index p Value Pearson Index p Value

White
Staphylococcus 0.998 <0.01 0.920 <0.01

Streptococcus mitis 0.999 <0.01 0.939 <0.01
Streptococcus sanguis 0.999 <0.01 0.930 <0.01
Enterococcus faecalis 0.999 <0.01 0.924 <0.01

Escherichia coli there is no
correlation <0.01 there is no

correlation <0.01

3.5. Antibacterial Effect of Experimental vs. Commercial Irrigants

As can be seen in Figures 9–11, the best parallelism regarding the antibacterial effect
was shown to be between the test solutions and the antiseptics mentioned on the strains of
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White Staphylococcus, Streptococcus mitis and Streptococcus sanguis. The highest antibacterial
activity was had by the hydroalcoholic plant extract, which managed to inhibit the growth
of the following bacterial strains: White Staphylococcus, Streptococcus mitis, Streptococcus
sanguis and Enterococcus faecalis having the areas of inhibition (expressed in mm) of 19,
26, 26 and 12. The aqueous plant extract had no antibacterial activity; all bacterial strains
developed on the disc saturated with the test solution.

Figure 9. White Staphylococcus. (a) NaOCl 5.25%; (b) CHX 2%; (c) NaOCl 2%; (d) hydroalcoholic
vegetable extract; (e) ultrasonicated hydroalcoholic vegetable extract; (f) aqueous vegetable extract.

Figure 10. Streptococcus mitis. (a) NaOCl 5.25%; (b) CHX 2%; (c) NaOCl 2%; (d) hydroalcoholic
vegetable extract (e) ultrasonicated hydroalcoholic vegetable extract; (f) aqueous vegetable extract.

Figure 11. Streptococcus sanguis. (a) NaOCl 5.25%; (b) CHX 2%; (c) NaOCl 2%; (d) hydroalcoholic
vegetable extract; (e) ultrasonicated hydroalcoholic vegetable extract; (f) aqueous vegetable extract.
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The group of Gram-negative bacilli represented by Escherichia coli (Figure 12) showed
resistance to all three types of extracts studied, noting that when reading was performed at
an interval of 4 h after seeding the bacteria and applying test solutions, it showed an area
of inhibition of 19 mm for the aqueous solution, an area that was initially maintained but
in which resistant mutant colonies increased during the following hours.

Figure 12. Escherichia coli. (d) hydroalcoholic vegetable extract; (e) ultrasonicated hydroalcoholic
vegetable extract; (f) aqueous vegetable extract.

The most resistant strain was that of E. faecalis, with the mention that there is a
proportionality between the level tested and those of antiseptics as seen in Figure 13; this
aspect is justified by the established resistance of all strains of enterococci.

Figure 13. Enterococcus faecalis. (a) NaOCl 5.25%; (b) CHX 2%; (c) NaOCl 2%; (d) hydroalcoholic
vegetable extract; (e) ultrasonicated hydroalcoholic vegetable extract; (f) aqueous vegetable extract.

4. Discussion

Using the same methods of determination, UV field photo spectrometry, Remmel
et al. (2012) analyzed the content of polyphenols and flavonoids of an aqueous extract of
concentration 110 mg/mL of Epilobium parviflorum Schreb. with a total content of 10.45 Eq.
chlorogenic acid/g vegetable powder polyphenols and 31.9 mg EqPir/g vegetable powder
flavonoids. Although difficult to compare in terms of the amount of polyphenols, because
different controls were used for calibration, the data in our study show the presence of
polyphenols in a higher amount in hydroalcoholic extracts than in aqueous ones because
the alcohol mixed with water acquires a power of higher dissolution and ensures a better
yield. Regarding the amount of flavonoids, this is higher in the study carried out by
Remmel compared to the level determined in the present study from the two extracts,
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both aqueous (0.86 EqQr/g vegetable powder) and hydroalcoholic (2.87 EqQr/g vegetable
powder); one of the possible reasons why it is found in larger quantities would be the
temperature at which the extraction was carried out (40 ◦C) and the crushing of the
plant to the powder stage, thus increasing the contact surface between the plant and the
solvent [33]. A very recent study (Merighi et al., 2021) used UV field photo spectrometry to
analyze the content of polyphenols and flavonoids of a 40% ethanolic extract of Epilobium
parviflorum Schreb. Although difficult to compare in terms of the amount of polyphenols
and flavonoids, because different controls were used for calibration, the data in our study
show the presence of polyphenols (16.79 μg/μL Gallic Acid equivalent) and flavonoids
(2.87 μg/μL Catechin equivalent) above the one founded by Merighi et al. [34].

The constituent compounds of a plant extract obtained from Epilobium parviflorum
Schreb. by the method of hydrodistillation was determined in a study by Bajera et al. (2017),
among which were 40% alcohols and 13.8% polyphenols, with the remaining percentages
being occupied by esters, aldehydes, ketones, aromatic hydrocarbons. Although the method
for determining the biologically active compounds is completely different from that of the
present study, the results obtained compete with those found by Bajera who demonstrated
the existence of polyphenols in the extract of Epilobium parviflorum Schreb. The results
of the present study show that extracts obtained from Epilobium parviflorum Schreb. are
effective on strains isolated from pathological products taken from patients with endodontic
pathology, being in competition with those obtained by Bajera, although both antibacterial
activity and the type of bacterial strains were achieved by different methods in the two
studies [35].

The evaluation of the level of efficacy shows that there are differences between Gram-
positive and Gram-negative bacteria, so the strains of White Staphylococcus, Streptococcus
mitis and Streptococcus sanguis proved to be the most sensitive to these extracts, maintain-
ing that the hydroalcoholic ones were the most effective. Of all the strains tested, the
hydroalcoholic extracts were the most effective, compared to the aqueous plant extracts.
The lowest level of sensitivity to the tested solutions had the bacteria from the group of
Gram-positive shells, specifically Enterococcus faecalis, a bacterial species with established re-
sistance to antibiotics. There were no significant differences in antibacterial action between
the hydroalcoholic and ultrasonicated extracts.

The results obtained on antibacterial susceptibility are consistent with the content
of polyphenols and flavonoids, with a direct proportionality between biologically active
compounds and antibacterial activity.

Although it is difficult to compare, the data in our study are consistent with those in
the literature; both ethanolic extracts have antibacterial activity in direct proportion to the
concentration of polyphenols and flavonoids.

The limitations of the study are given by the final number of the study group and
the method for testing the antibacterial activity; to overcome these limitations for future
perspectives, it is necessary to conduct a study with a larger number of patients and to
extend the research using microscopy method for the antibacterial activity observations
with the same high standards used in the studies conducted by Imani et al. (2020) and Li
et al. (2022) [36,37].

5. Conclusions

All plant extracts contain polyphenols and flavonoids. Hydroalcoholic plant extract
obtained from Epilobium parviflorum Schreb. had the highest quantity of polyphenols,
flavonoids and antibacterial activity. The most sensitive bacterial species were those
belonging to the Gram-positive group.
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6 Department of Food Science and Technology, Faculty of Food Science and Technology, University of
Agricultural Science and Veterinary Medicine, Calea Manastur, 3-5, RO-400372 Cluj-Napoca, Romania;
zorita.diaconeasa@gmail.com

7 Department of Toxicology, Faculty of Pharmacy, “Victor Babes” University of Medicine and Pharmacy
Timisoara, Eftimie Murgu Square No. 2, RO-300041 Timişoara, Romania
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Abstract: Skin injuries, and especially wounds of chronic nature, can cause a major negative impact
on the quality of life. New efficient alternatives are needed for wound healing therapy and herbal
products are being investigated due to a high content of natural compounds with promising healing
activity. For this purpose, we investigated three Artemisia species, Artemisia absinthium L. (AAb),
Artemisia dracunculus L. (ADr) and Artemisia annua L. (AAn). Ethanolic extracts, containing different
polyphenolic compounds, elicited strong antioxidant activities in the DPPH assay, comparable to
ascorbic acid. Human ketratinocyte proliferation was stimulated and wound closure was enhanced
by all three extracts at concentrations of 100 μg/mL. The Artemisia extracts modulated angiogenesis
by increasing vessel formation, especially following treatment with A. annua and A. dracunculus,
extracts with a significantly higher content of chlorogenic acid. Good tolerability and anti-irritative
effects were also registered in ovo, on the chorioallantoic membrane (CAM). The three Artemisia
species represent promising low-cost, polyphenol-rich, antioxidant, safe alternatives for wound
care treatment.

Keywords: Artemisia annua; Artemisia dracunculus; Artemisia absinthium; polyphenols; wound healing;
keratinocytes; CAM assay

1. Introduction

The skin is our largest organ, an essential barrier towards the outer environment,
a key protector of our organism from dehydration, pathogens, toxic chemicals, thermal
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deregulation. Its exposure and vulnerability are the source of frequent injuries. Repair
and regeneration are extraordinary functions, being activated through unique cross-talk
mechanisms of numerous cells, growth factors and cytokines [1]. The process of cutaneous
wound healing can be divided into four overlapping phases: hemostasis, inflammation,
proliferation/migration, and remodeling, involving vasoconstriction, platelet aggregation,
antimicrobial effects, vascular leakiness, fibroblast proliferation, angiogenesis, collagen
remodeling [2].

Unfortunately, the burden of worldwide vascular diseases, metabolic syndrome and
aging has an impact on the rising number of patients with dysregulated healing wounds
that can cause a major negative influence on the quality of life and on healthcare systems [3].
Despite important advances in wound care therapies, focused on skin repair and regenera-
tion, there are still major limitations such as bacterial resistance and, especially, high costs.
New efficient alternatives are desirable for wound healing therapy; traditional medicine is
an important source of inspiration, since natural products were used as healing remedies
from ancient times, and are still dominant therapeutic approaches in Asia, Africa or Latin
America [1,2].

As a result of scientific progress, a large number of new active principles have been
discovered, leading to an extensive knowledge of medicinal plants uses [4,5]. Artemisia
species are included in the genus Artemisia, belonging to the Asteraceae family. These are
aromatic, medicinal plants and culinary herbs [6]. Artemisia species are widespread in
Asia, Europe and North America, in temperate, subtropical and cold regions [7]. Artemisia
comprises about 500 species, including the three species that were selected for the present
study: A. annua L. (AAn), A. absinthium L. (AAb), A. dracunculus L. (ADr). These species
represent traditional remedies, being available in herbal shops.

The major bioactive types of phytocompounds that are described for Artemisia species
are terpenoids, flavonoids, coumarins, acetylenes, caffeoylquinic acids and sterols [8–10]. A.
annua, known as sweet wormwood is used as anti-malarial, anti-ulcer, anti-hyperlipidemic,
anti-plasmodial, anti-convulsant, anti-inflammatory and anti-microbial remedy [11–13].
A. dracunculus, also called tarragon, a well-known culinary herb, was shown to possess
antidiabetic effects due to the flavonoids in the composition [14]. Tarragon is also known
as an analgesic, hypnotic, antiepileptic, anti-inflammatory and antipyretic, anticoagulant,
antibacterial agent; more recent studies have proven its antioxidant, immunomodulat-
ing, anti-tumor activities, as well as hepatoprotective and hypoglycemic effects [15–17]. A.
absinthium, or wormwood, has also been shown to possess several therapeutic effects: diges-
tive, antiprotozoal, anthelmintic, antimicrobial, anti-inflammatory, cytotoxic, antioxidative,
neuroprotective [18–22].

More recently, especially due to their polyphenolic content, Artemisia species were
associated with healing potential, by reducing the number of inflammatory cells in the
wounded area, with a positive impact on the progress of wound healing, improving the
proliferation of human keratinocytes [23]. Still, there are not many studies that investigate
the effect of the three Artemisia species regarding the underlaying mechanisms involved in
the process of wound repair.

One important step in the process of tissue regeneration during the proliferative
phase is represented by angiogenesis, the development of vessels from pre-existing ones,
orchestrated by a sophisticated communication between cells, angiogenic factors and the
surrounding tissues. Unfortunately, the process is mostly dysregulated in vascular diseases.
Efforts are being directed toward the exploration of potential natural agents that can
modulate the impaired reparative angiogenesis [24–27].

An experimental approach for this purpose is the chorioallantoic membrane (CAM)
assay, considered an in vivo experimental alternative to animal models with advantages
such as time, accessibility and costs. The method can be used to assess the angiogenic
effects, but also to estimate the biocompatibility and the irritation potential of natural
products [28,29].

84



Appl. Sci. 2022, 12, 1359

In the present study, we investigated three Artemisia species available on the herbal
market in Romania, A. annua, A dracunculus, A absinthium, regarding the phenolic con-
tent and profile of ethanolic extracts, next to in vitro antioxidant assessment, healthy
keratinocyte viability and migration, as well as in vivo angiogenic and anti-irritative potential.

2. Materials and Methods

2.1. Plant Materials and Extraction

The plant material of the three Artemisia species in our study were purchased from
herbal shops in Timisoara, Romania. All three species were represented by aerial parts of
the plants, Artemisiae annuae herba (AAn), Dracunculi herba (ADr), Absinthii herba (AAb).
The plant material of AAn and AAb were collected from Romania, while ADr, from Greece.

The dried plant material was grounded and stored in amber glass containers. Pow-
dered dry plant material was extracted in ethanol 80% (v/v), (10 g dry weight/100 mL) by
maceration for 15 min at room temperature, followed by ultrasound assisted extraction
using the ultrasonic bath (Falc LCD series), for 30 min at 50 ◦C, 800 W and 40 KHz.

All samples were filtered and extracts were concentrated to dryness in a rotary vacuum
evaporator (Heidolph Laborota 4000, Schwalbach, Germany) at 50 ◦C. Dried extracts (d.e.)
were stored at −20 ◦C prior to use.

2.2. Chemicals

Methanol (99.9% purity, CAS No. 67-56-1) and acetic acid (99.9% purity, CAS No.
64-19-7) were purchased from Merck (Darmstadt, Germany) and used without further
purification. Standard polyphenols: rosmarinic acid (CAS No. 20283-92-5), caftaric acid
(CAS No. 67879-58-7), gentisic acid (CAS No. 4955-90-2), chlorogenic acid (CAS No. 327-
97-9), caffeic acid (CAS No. 331-39-5), p-coumaric acid (CAS No. 501-98-4), ferulic acid
(CAS No. 537-98-4), sinapic acid (CAS No. 530-59-6), hyperoside (CAS No. 482-36-0),
isoquercitrin (CAS No. 482-35-9), rutin (CAS No. 153-18-4), myricetin (CAS No. 529-44-2),
fisetin (CAS No. 345909-34-4), quercitrin (CAS No. 522-12-3), quercetol (CAS No. 117-39-5),
luteolin (CAS No. 491-70-3), kaempferol (CAS No. 520-18-3) and apigenin (CAS No. 520-
36-5) were purchased from Sigma-Aldrich (Germany). Folin–Ciocâlteu reagent (FC), gallic
acid (GA, CAS No. 149-91-7), 2,2-diphenyl-1-picrylhydrazyl (DPPH, CAS No. 1898-86-4),
ascorbic acid (AA, CAS No. 50-81-7), indometacin (CAS No. 53-86-1) and sodium dodecyl
sulfate (SDS, CAS No. 151-21-3) were purchased from Sigma-Aldrich (Steinheim, Germany).
Sodium carbonate anhydrous (CAS No. 497-19-8) was obtained from VWR International
bvba (Leuven, Belgium). All used reagents were of analytical grade.

2.3. Cell Culture

The immortalized human keratinocytes (HaCaT cells) were kindly provided by the
University of Debrecen, Hungary. The cells were cultured in high glucose Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Taufkirchen, Germany) supplemented
with antibiotic mixture to avoid contamination (Penicillin/Streptomycin 10,000 IU/mL;
Sigma-Aldrich, Taufkirchen, Germany) and fetal bovine serum 10% (FCS; Sigma-Aldrich,
Taufkirchen, Germany). The cells were kept in standard conditions-5% CO2, at a tempera-
ture of 37 ◦C.

2.4. Total Phenolic Content Determination

Total phenolic content (TPC) from Artemisia extracts was assessed using Folin-Ciocâlteu
reagent [30–32] using an adapted method. The samples, represented by the diluted solu-
tions of the dried extracts (1000 μg/mL), were pipetted into test tubes containing previously
diluted (1:10) Folin Ciocâlteu’s phenol reagent and, after 5 min at room temperature, sodium
carbonate solution (Na2CO3 75 g/L) was added. The mixture was vortexed for 15 s and
then left to stand at room temperature for 2 h in the dark. Absorbance was measured at
760 nm using a UV-VIS spectrophotometer (T80+, PG Instruments Ltd., Lutterworth, UK).
The calibration curve was established using gallic acid (0–200 μg/mL). Estimation of the
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phenolic content was carried out in triplicate. Total phenolic content was expressed as mg
of gallic acid equivalents (GAE)/g of dry extract (d.e.).

2.5. Antioxidant Activity In Vitro

The evaluation of the antioxidant potential of the Artemisia extracts (AAn, AAb, ADr)
was performed by the DPPH method [31,33,34], with slight modifications.

The assay is based on the DPPH reduction by the hydrogen donating antioxidants,
leading to the discoloration and, subsequently, to the decrease of solution absorbance.
Various concentrations (50–1000 μg/mL) of the Artemisia extracts or the pure ascorbic
acid (AA) as control, in volumes of 0.2 mL, were added to 1.8 mL of freshly prepared
0.1 mM DPPH in ethanol. The mixture was incubated in the dark for 30 min, at room
temperature. Absorbance was measured against blank samples, at 517 nm, using an UV-
VIS spectrophotometer (T80+, PG Instruments Ltd., Lutterworth, UK). The decrease in the
registered absorbance indicates a free radical scavenging activity. The antioxidant activity
(AOA) was calculated as the scavenging capacity of free DPPH radical (in percentages)
using the formula:

AOA (%) =

[
A0 − As

A0

]
× 100

where: A0 = absorbance of the blank sample and As = absorbance of the tested samples.

2.6. LC-MS

All vegetal extracts were analyzed by an LC-MS analytical method that enables the
simultaneous screening and quantification of 18 polyphenols (rosmarinic acid, caftaric
acid, gentisic acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid and sinapic
acid, hyperoside, isoquercitrin, rutin, myricetin, fisetin, quercitrin, quercetol, luteolin,
kaempferol and apigenin), separated on a reverse phase Zorbax Eclipse Plus C18 column
(3.0 × 100 mm × 3.5 μ) as previously described [35,36]. Briefly, the mobile phase consisted
in a mixture of 0.1% acetic acid and methanol in gradient elution. The LC-MS parameters
were the following: flow rate 1 mL/min, injection volume 10 μL, column temperature 40 ◦C,
UV detection at 330 and 370 nm; the elution of all components was achieved in about 40 min.
MS detection was achieved by electrospray ionization (ESI) in the single ion monitoring
mode (SIM) in the negative ion mode, at the following parameters: capillary voltage 3500 V,
dry gas flow 12 L/min at 350 ◦C, nebulizer pressure 55 psig and fragmentor 70. Calibration
curves were conducted for the quantification of polyphenols by the external standard
method in the 0.05–2 μg/mL range for a six-point plot for each compound. The m/z scale
of the mass spectrum was calibrated by use of an external calibration standard ESI Tuning
Mix from Agilent (Santa Clara, CA, USA).

HPLC/LC-MS experiments were conducted on a 6120 LC-MS analytical system from
Agilent (Santa Clara, CA, USA) consisting of 1260 Infinity HPLC equipped with G1322A
degasser, G1311B quaternary pump, G1316A column thermostat, G1365C MWD detector
and G7129A autosampler; the Quadrupolar (Q) mass spectrometer is equipped with an
electrospray ionization source (ESI). The LC-MS system is controlled by OpenLAB CDS
ChemStation Workstation software.

Sample solutions were diluted with methanol, homogenized with a WisdVM-10 vortex
mixer (Witeg Labortechnik, Wertheim, Germany) and centrifuged for 2 min at 10,000 rpm
in a ThermoMicro CL17microcentrifuge (Thermo Fisher Scientific, Boston, MA, USA). The
supernatant was collected and submitted to LC-MS analysis.

2.7. Cell Viability Assessment by Alamar Blue Assay

The technique was performed in order to establish cells viability following stimulation
with various concentrations of the extracts. The principle of the technique consists in the
ability of viable cells to reduce resazurin to the fluorescent form, resorufin. The assay was
performed as previously described by Cosarca et al. [37]. Briefly, 1 × 104 cells/well were
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cultured in 96-well plates and allowed to adhere. The second day, the cells were stimulated
with different concentrations of the extracts (10, 25, 50, 100, 250, 500, 750 and 1000 μg/mL)
for a period of 72 h. After the 72 h stimulation, 20 μL/well of Alamar blue (10% of the
volume of cell culture medium) was added and the cells were further incubated at 37 ◦C
for 3 h. Then, the absorbance was measured at 570 and 600 nm using the xMark Microplate
spectrophotometer (BioRad, xMarkTM Microplate, Serial No. 10578, Tokyo, Japan).

2.8. Cell Cytotoxicity Assessment by LDH Assay

Lactate dehydrogenase (LDH) assay (CyQUANT, Thermo Fisher Scientific, Boston,
MA, USA) was performed to determine the cytotoxic effect of the Artemisia extracts on
HaCaT cells. Different concentrations were used, namely 10, 25, 50, and 100 μg/mL. The
assay was performed as previously described by Ghitu et al. [38]. For the experiment,
5 × 103 cells/well were cultured in 96-well culture plates and left to adhere. On the second
day, the cells were stimulated with the above-mentioned concentrations and incubated for
72 h. After the 72-h stimulation, a volume of 50 μL was transferred from each well into
a new 96-well culture plate, mixed with 50 μL/well of the reaction mixture and further
incubated at room temperature for 30 min. Then, 50 μL of stop solution was added to each
well. The level of LDH release in the medium was determined at two wavelengths (490
and 680 nm) using the xMark Microplate spectrophotometer (BioRad, xMarkTM Microplate,
Serial No. 10578, Tokyo, Japan).

2.9. Wound Healing Technique by Scratch Assay

The method called “wound healing assay” is the most common in vitro assay for
cell migration ability, useful for describing the ability of keratinocytes to migrate and to
restore the epidermal barrier affected by injury, a first step in the healing process. The
assay was performed as previously described [19,39]. The migration capacity of HaCaT
cells following stimulation with 100 μg/mL of each Artemisia extract was evaluated. In
brief, 2 × 105 cells/well were cultured in 12-well plates and allowed to adhere. When
a 90% confluence was reached, we used a sterile pipette tip in order to draw scratches
in the center of the wells. Cells that detached following the procedure were removed by
washing with phosphate-buffered saline (PBS) before stimulation. Then, the cells were
stimulated with the extractive solutions (100 μg/mL). Pictures of the cells were taken at 0
and 24 h post-stimulation using an inverted microscope (Olympus IX73) provided with
DP74 camera (Olympus, Tokyo, Japan). Image analysis for cell migration was performed by
means of ImageJ (ImageJ Version 1.53k, https://imagej.nih.gov/ij/index.html, accessed on
4 November 2021) and GIMP software (GIMP v 2.10.24, https://www.gimp.org/, accessed
on 6 January 2022).

The wound closure rate was calculated using the formula described by Felice et al. [40]:

Wound closure rate (%) =

[
At0 − At

At0

]
× 100

where: At0 is the scratch area at time 0; At is the scratch area at 24 h.

2.10. The Chorioallantoic Membrane Assay

The evaluation of the active potential of Artemisia sp. was also performed in vivo,
in order to assess the modulatory effect on angiogenesis with an important role in tissue
healing and toxicity [40]. The in ovo chorioallantoic membrane (CAM) assay was per-
formed. The fertilized chicken (Gallus gallus domesticus) eggs were incubated in controlled
humidified atmosphere at 37 ◦C. On the third day of incubation, 4–5 mL of egg white were
removed so that the developing chorioallantoic membrane could detach from the inner
shell. The following day, a window was cut on the upper shells and resealed to avoid
dehydration; the incubation continued until the experimental process [41,42].

To investigate the potential influence on the angiogenesis process of Artemisia extracts,
samples were prepared in concentrations of 100 μg/mL in 0.5% DMSO and volumes of
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5 μL were applied inside plastic rings previously placed on CAMs on the 8th day of incu-
bation. All tested specimens were daily monitored by stereomicroscopy (ZEISS SteREO
Discovery.V8, Göttingen, Germany). Images were registered and processed by Axiocam
105 color, AxioVision SE64. Rel. 4.9.1 Software, (ZEISS Göttingen, Germany), ImageJ (Im-
ageJ Version 1.53k, https://imagej.nih.gov/ij/index.html, accessed on 4 November 2021)
and GIMP software (GIMP v 2.10.24, https://www.gimp.org/, accessed on 6 January 2022).

2.11. The Anti-Irritant Effect In Ovo by the HET CAM Method

Using the same biological material as for the angiogenic evaluation, the anti-irritant
effect of the Artemisia extracts was assessed by applying a modified protocol of the HET-
CAM test (hen egg test chorioallantoic membrane assay), which is known as an alternative
protocol for evaluating the potential irritative effect of compounds intended for ophthalmic
and dermatologic products, or as a method of assessing in vivo biocompatibility [43–45].
The protocol used here was an adapted alternative to the HET-CAM method as recom-
mended by ICCVAM [46]. The anti-irritative approach was used after Wilson et al. [47] to
assess the potential beneficial preventive effects of the extracts when in contact with an
irritant agent.

The fertilized eggs prepared as described above were incubated until the 9th day
of incubation.At this point, by stereomicroscope assistance, 0.3 mL of the control or test
samples were applied to the membrane; then, after 20 min, the irritating solution of sodium
dodecyl sulfate (SDS) was applied (0.5%). The tested membranes were monitored over a
period of 300 s, by means of a stereomicroscope; the time for the occurrence of the selected
parameters (hemorrhage, H; vascular lysis, L; coagulation, C) was recorded in seconds. The
irritation score (IS) was then calculated using the followig equation:

IS = 5 ×
[

301 − Sec H
300

]
+ 7 ×

[
301 − Sec L

300

]
+ 9 ×

[
301 − Sec C

300

]

where, hemmorrhage (Sec H) = start of observation (in seconds) of bleeding reactions on
the membrane, lysis time (Sec L) = start of observation (in seconds) of lysis of the vessel on
the membrane, coagulation time (Sec L) = start of observation (in seconds) of the formation
of coagulation on the membrane.

The positive control was considered treatment only with sodium dodecyl sulfate
(SDS), while the negative control was treatment with just distilled water. DMSO in a
concentration of 0.5% was also tested as solvent control; indometacin represented the
anti-inflammatory control.

2.12. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 5 software (San Diego, CA,
USA). For the in vitro results; comparison among the groups was performed using the
one-way ANOVA followed by Dunnett’s multiple comparison test (* p < 0.05; ** p < 0.01;
*** p < 0.001). Data were represented as Mean ± SD.

3. Results

3.1. Total Polyphenolic Content

The obtained experimental data allowed the calculation of the equation resulted from
the standard curve, y = 0.009x + 0.1865, R2 = 0.9798.

The total phenolic content, expressed in mg GAE/g dry extract, as indicated in Table 1,
reached the highest value of 193.61 ± 2.36 the case of AAb extract. The value of the total
phenolic content for the AAn and ADr extract had lower values of 129.28 ± 2.09 and
144.28 ± 1.87, respectively.
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Table 1. Total phenolic content of Artemisia extracts.

Extract
Total Phenolic Content
mg GAE/g Dry Extract

AAn 129.28 ± 2.09
ADr 144.28 ± 1.87
AAb 193.61 ± 2.36

3.2. Good Radical Scavenging Activity of Artemisia Species

The antioxidant activity of the samples was evaluated using the DPPH assay.
In Figure 1 is shown the AOA% (antioxidant activity %) of the studied extracts next to

the standard compound, ascorbic acid 50 μg/mL. It can be observed that the antioxidant
activity is directly proportional to the concentration of the extracts.

Figure 1. Antioxidant activity of the AAn, ADr and AAb extracts.

Artemisiae annue herba—AAn induced an antioxidant activity of 24.14 ± 0.6% for the
lowest tested concentration AAn at 50 μg/mL and goes up to 90.04 ± 2.25% for AAn
at 1000 μg/mL. The AOA% values for the AAn extracts show a comparable antioxidant
activity with the one of the standard-ascorbic acid, starting with AAn 100 μg/mL. At higher
concentrations, 250, 500 and 1000 μg/mL a much intense AOA as compared to the standard
antioxidant can be observed.

The antioxidant activity of A. dracunculus ranged from 24.66 ± 0.63% (concentration
50 μg/mL) to 88.37 ± 2.25% (concentration of 1000 μg/mL). In addition, we determined in
this study the AOA% for the A. absinthium extract and the values started at 22.03 ± 0.52%
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for the lowest concentration of 50 μg/mL and increased to 86.87 ± 2.15% for the highest
concentration of the extract.

All three tested extracts induced an important antioxidant effect, above 100 μg/mL,
comparable to the effect of 50 μg/mL AA. At this particular concentration, of 100 μg/mL,
A. dracunculus had a higher antioxidant capacity (33.65 ± 1.98%) than the standard AA
(30.57 ± 1.02%).

Although the antioxidant capacity of the three Artemisia species showed similar effects,
by comparing the values obtained for concentrations of 1000 μg/mL, the AOA capacity
fall in the following order: AAn > ADr > AAb. Still, interestingly, above the concentra-
tion of 100 μg/mL up to 1000 μg/mL, the most potent extract is the one obtained from
tarragon (ADr).

3.3. Polyphenols and Phenolic Acids in Artemisia Species

LC-MS analysis of sample extracts of Artemisia dracunculus L. (ADr), Artemisia annua
L. (AAn) and Artemisia absinthium L. (AAb) were conducted under identical solution and
instrumental conditions. The obtained results revealed the identification and in some cases
quantification, according to their Rt and m/z values, of a total of 11 polyphenols in all
analyzed extracts combined with some differences in terms of their expression in each
extract (Table 2). Identified polyphenols fall into polyphenolic acids group, cinnamic acid
derivatives, and flavonoids, flavones and flavonols respectively. Identified phytocom-
pounds were gentisic acid, chlorogenic acid, caffeic acid, ferulic acid, isoquercitrin, rutin,
quercitrin, quercetol, luteolin, kaempferol and apigenin, expressed as μg/mg d.e. The
most important polyphenols identified in all extracts, consistent with their concentration,
were chlorogenic acid, rutin and quercetol, the most abundant one being chlorogenic acid.
Meanwhile, gentisic acid, caffeic acid, ferulic acid, isoquercitrin, quercitrin, luteolin, and
apigenin were identified in smaller concentrations, or even in traces, falling below the limit
of quantification in some cases. Some differences regarding the expression of polyphenols
in the three types of extracts were spotted out, such as quercitrin and isoquercitrin, iden-
tified in AAb and AAn extract, but not in ADr extract, concurrently, kaempferol, which
was found only in ADr extract, in a substantial amount. The expression of the dominant
compound, chlorogenic acid respectively, was almost equivalent in AAn and ADr extracts,
while AAb exhibited a concentration almost four times lower. The richest extract consis-
tent with the concentration of identified compounds was ADr, while AAb contained the
lowest amounts.

Table 2. Identified polyphenols by LC-MS.

No. Compound Name
Rt

(min)
[M − H+]+

(m/z)
AAn

(μg/g d.e.)
AAb

(μg/g d.e.)
ADr

(μg/g d.e.)

1. Gentisic acid 2.67 153 ND NQ NQ
2. Chlorogenic acid 6.45 353 12.4 3.15 11.77
3. Caffeic acid 6.97 179 0.06 0.009 NQ
4. Ferulic acid 13.91 193 ND ND NQ
5. Isoquercitrin 22.50 463 0.5 0.15 ND
6. Rutin 23.01 609 0.4 0.33 2.87
7. Quercitrin 26.18 447 0.9 0.73 ND
8. Quercetol 30.38 301 0.11 0.07 5.54
9. Luteolin 32.78 285 NQ NQ ND

10. Kaempferol 35.63 285 ND ND 4.44
11. Apigenin 36.91 269 NQ NQ NQ

Notes: ND—not detected, below the limit of detection; NQ—not quantified, below the limit of quantification.

3.4. Human Keratinocyte Viability and Cytotoxicity

The effect of the Artemisia extracts—Artemisia annua L. (AAn) Artemisia absinthium
L (AAb), Artemisia dracunculus L. (ADr), was evaluated on HaCaT keratinocytes after a
stimulation period of 72 h (Figure 2). The Control group is represented by cells treated with
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the solvent dimethyl sulfoxide (the DMSO concentration did not exceed 0.5%). In Figure 2a,
it can be observed that AAn, at concentrations ranging from 10 to 250 μg/mL, produced a
significant increase in cells viability. Only at higher concentrations, 500–1000 μg/mL, was a
decrease in cells viability noticed. A similar effect was obtained for AAb (Figure 2b) and
ADr extracts (Figure 2c).

Figure 2. HaCaT cells viability 72 h after stimulation with the extracts (a—AAn, b—AAb, c—ADr)
at different concentrations (10, 25, 50, 100, 250, 500, 750 and 1000 μg/mL). Data are expressed
as mean ± SD. One-way ANOVA and Dunnett’s multiple comparison post-test were used for
comparison among groups (** p < 0.01, *** p < 0.001 vs. Control).

The highest increase in keratinocytes viability was induced by the sweet wormwood,
followed by the wormwood extract and last by the tarragon extract (AAn > AAb > ADr).
In terms of decreasing the cells viability, the most significant reduction was obtained at the
highest concentration, 1000 μg/mL, for AAn—cells viability was 15.8 ± 2.6% vs. Control;
for AAb—cells viability was 22.6 ± 0.4% vs. Control; for ADr—cells viability was
21.6 ± 1.4% vs. Control.

Figure 3 depicts the effect of the Artemisia extracts on LDH release. At the tested
concentrations, for all samples, no cytotoxic effect was observed compared to Control.
Moreover, a decrease in LDH release was obtained following stimulation with the extracts.
We determined the cytotoxic effect at these concentrations by analyzing the viability assay
results, where an increase in cells viability was obtained and we intended to add a proof
that the human keratinocytes were not affected by these extracts.

3.5. Wound-Healing Effect In Vitro on Human Keratinocyte

This experimental model was performed using healthy keratinocyte cells, in order to
explore the ability of the three Artemisia extracts to stimulate cells migration, a process that
can be considered a first phase of lesion regeneration and can be correlated with wound
closure, thus with the reduction of the open and vulnerable surface.
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Figure 3. The cytotoxic effect of the extracts (AAn, AAb, ADr) at different concentrations (10, 25,
50, and 100 μg/mL). Data are expressed as mean ± SD. One-way ANOVA and Dunnett’s multiple
comparison post-test were used for comparison among groups (* p < 0.05, ** p < 0.01, *** p < 0.001
vs. Control).

Representative images of HaCaT cells are presented in Figure 4. The Control group is
represented by cells treated with the culture medium, while the DMSO group represents
cells treated with the solvent dimethyl sulfoxide. As shown in Figure 4, AAn and AAb
extracts produced, at 100 μg/mL, almost a complete restoration of the scratch area, with
wound closure rates of 98.55 ± 0.64% and 97.84 ± 1.98%, respectively, thus, indicating
that the samples stimulated keratinocytes migration and wound closure. The ADr extract,
at 100 μg/mL, increased cell migration with a wound closure rate of 89.65 ± 2.18%. The
scratch closure percentage was lowest for the solvent used, DMSO (71.13 ± 5.69%).

 

Figure 4. (a) Microscopic images representing the HaCaT cells treated with the three extracts of
Artemisia species (100 μg/mL), initially at 0 h and at 24 h, respectively, visualized by light microscopy
at 10× magnification; (b) Results were expressed as wound closure percentage after 24 h compared
to the initial scratch length. Mean values ± SD of three independent experiments (n = 3).
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3.6. Angiogenesis Modulation on CAM Assay

For the in vivo evaluation of the potential influence upon the wound healing process,
we selected the 100 μg/mL concentration for the three Artemisia extract solutions, based on
the fact that, at this concentration, the antioxidant effect was significant; when tested on the
HaCaT cell viability, at this concentration, there was an increase in the viability of the cells,
compared to higher concentrations that induced a reduction in cell viability.

The samples were assessed by evaluating the effect on the physiologic angiogenic
process, starting with the 8th day of incubation. The rapid growth of the vessels took place
from day 7 up to day 11 of incubation [48].

The effect was evaluated 24 h and 72 h after treatment, as represented in Figure 5.
After one dose at 24 h post treatment, no relevant modifications were observed concerning
the normal developing vessel architecture. Visible changes were noted after 3 doses at
72 h after treatment; different effects were observed for the three Artemisia extracts. An
increase in the number of small vessels was induced by the AAn extracts, while the ADr
also increased the number of bigger vessels inside the ring with a spokes–wheel pattern,
compared to the control specimens. The vascular network was less affected by the AAb
at 100 μg/mL concentration, inducing after 72 h post-treatment a lower increase in vessel
growth; still, a significant number of small new forming capillary branches, derived from
main vessels, were present.

 

Figure 5. Stereomicroscopic images showing the effects produced by the Artemisia extracts on the
CAM; images are represented initially at 0 h, 24 h and 72 h post-treatment, for the solvent control
DMSO and the three Artemisia extracts; scale bars represent 500 μm.

With potential pro-angiogenesis effects at the tested concentration, extracts of sweet
wormwood and tarragon may be especially beneficial in the vascular phase of wound heal-
ing. All the solutions showed good tolerability, with no influence upon embryo viability.

3.7. Anti-Irritant Effect Evaluated Using the HET-CAM Assay

Using a modified version of the HET-CAM protocol for the irritant effect, we assessed
here the ability of the tested extracts to exert preventive and anti-irritative effects upon
exposure to the irritant agent sodium dodecyl sulfate (SDS 0.5%). As shown in Figure 6,
the results obtained after stereomicroscopic monitoring for 5 min reflected the degree of
irritation reduction compared to the sample treated only with SDS. The study also included,
as anti-inflammatory control, indometacin.
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Figure 6. Stereomicroscopic images showing the effects induced by the Artemisia extracts on the CAM
using the anti-irritative HET-CAM assay; images represent the initial moment, before application of
the irritant SDS 0.5% (t0), and 5 min after application of the irritant (t5); DMSO represents the solvent
control and indometacin, the anti-inflammatory control; scale bars represent 500 μm.

Comparing the irritative scores (Table 3) of the plant extracts at the concentration of
100 μg/mL with the score obtained by SDS alone, it is noticeable that a reduction of the IS
was registered for all three extracts. The IS values calculated for the Artemisia extracts were
also reduced compared to the solvent control; yet, the irritation scores were still higher
when compared to the anti-inflammatory agent (IS = 16.69). According to the irritation
scale recommended by Luepke [49], the irritation scores can be classified as following:
0–0.9—non-irritant, 1–4.9 weak irritant, 5–8.9 moderate irritant, 9–21 strong irritant.

Table 3. The irritative scores of the analyzed samples in the anti-irritative HET-CAM assay.

Samples Irritative Score

AAn 18.38
ADr 19.01
AAb 19.69

DMSO 20.13
SDS 20.36

Indometacin 16.74

Within this experimental setting, for the evaluated concentration of the extracts, a
similar anti-irritative effect was noticed for all three extracts, with AAn inducing the
strongest effect (IS = 18.38), followed by ADr (IS = 19.01) and AAb (IS = 19.69).

4. Discussions

The management of the complicated disruptive wound healing processes is a real
challenge that is confronted with limitations of the health systems. Thus, effort is made
to identify low costs alternatives, especially of natural origin, efficient activators of the
complex process of wound healing. Medicinal plants, with high content of polyphenolic
compounds, are an important approach to reduce the high levels of oxidative stress that, in
most cases, affects the healing process. Hence, in our study, we focused on the phenolic
profile of our extracts, in correlation with their potential antioxidant activities. Likewise, the
DPPH radical scavenging activity assay was performed in order to evaluate the antioxidant
capacity of the three Artemisia extracts. A great number of natural compounds are also
essential as antimicrobial agents, next to stimulating skin cell proliferation, migration or
modelling the disruptive vascular process, thus, acting as multiple targeting active agents
in the wound microenvironment [50–52].

In the current study, we selected three Artemisia species (A. annua, A dracunculus and
A. absinthium) with a background in traditional skin ailment therapy and available on the
herbal market of our country [53]. Confirmatory studies of the potential benefits in wound
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healing and regenerative medicine are still lacking; therefore, we intended to contribute
with data concerning the phytochemical and bioactive potential of ethanolic extracts of the
three Artemisia species.

Based on previous studies [54–56] that showed important content in polyphenolic
compounds and lacking potential topical toxicity due to residual solvent remanence after
drying, we selected to explore here the content in phenolic compounds of the 80% ethanolic
extracts. The influence of the solvent on the antioxidant potential and chemical composition
of Artemisia annua leaves extract was investigated by Iqbal et al. [54]. In terms of TPC, they
concluded that the most efficient solvent for the extraction of phenolics from the leaves of
AAn are methanol and water, and the less efficient were chloroform and hexane. In the
case of the methanolic extract, the TPC was of 134.50 ± 4.37 mg/g. The extract of Artemisia
annuae herba tested in our study contains 129.28 ± 2.09 mg GAE/g dry extract, using an
ethanolic extract and the whole aerial part of the plant.

Kozlowska et al. [55] evaluated the antioxidant potential and the phenolics found in
various dried and fresh plants, tarragon (Artemisia dracunculus L.) being one of them. For
the extracts preparation the aerial part of the plant and 70% (v/v) ethanol were used and
the TPC was 32.91 ± 0.68 g GAE/kg extract in case of fresh plant material, while, in the
case of dried tarragon, 42.53 ± 0.93 g GAE/kg extract was obtained. Others obtained TPC
values for methanolic tarragon extract in the range 97.2–253.5 mg GA/g, with a mean value
of 151.6 mg GA/g, while for the water extract the range was 59.5–198.3 mg GA/g, and the
mean value 102.8 mg GA/g [56]. Therefore, it can be said that the methanolic extract has
the closest value to the one obtained by us for the A. dracunculus total phenolic content.

The regional area of A. absinthium L. collection influenced the total polyphenolic
content of the extract, according to Msaada et al. [57]. The maximal value of TPC was
99.89 ± 3.30 mg GAE/g dried weight, obtained with vegetal material collected from Kairo-
uan region. In the other regions, the TPC (expressed as mg GAE/g dried weight) had lower
values, such as 83.70 ± 1.31 in Bou Salem, 72.05 ± 1.83 in Boukornine and 49.39 ± 2.20
in Jerissa.

A total phenolic content of 194 ± 9.7 mg gallic acid equivalent/g extract was reported
by Ebrahimzadeh et al. [58] for Artemisia absinthium L. The extract was prepared using the
aerial parts of the plants collected from Iran and methanol as extracting agent. The value
reported for the TPC by Ebrahimzadeh et al. is similar to our results (193.61 ± 2.36 mg
GAE/g dry extract). In addition, Bora and Sharma presented in their work a value of TPC
of 123 ± 0.82 mg GA equivalents per gram of extract, for A. absinthium (methanolic extract);
the extract was made from aerial parts and was procured from Himalaya Herbs Stores,
India [59].

Therefore, from all the results presented above it is noticeable that the TPC is influenced
by factors like the nature of the extracting agent, the region of the plant collection, the part
of the plant used. The highest TPC was obtained for the wormwood extract, followed by
the tarragon and then by the sweet wormwood ethanolic extract. The TPC established
in our work for the three Artemisia extracts indicates important polyphenolic content of
the dry medicinal products available on the market in Romania, being comparable to
literature data.

Investigating the free radical scavenging capacity of the three extracts in a concentra-
tion range from 50 to 1000 μg/mL, our results indicated important antioxidant activities.
Extracts in concentrations as high as 100 μg/mL had comparable AOA% with ascorbic
acid (50 μg/mL) used as standard antioxidant agent. For higher concentrations, the an-
tioxidant activities reached values over 90%, in a dose-related manner for all three species.
Kim et al. [60] investigated the properties of Artemisia annua L. extracts obtained using
different extractants such as water, 80% methanol, 80% ethanol and 80% acetone by the
DPPH radical scavenging method. In the study conducted by Kim, the antioxidant activity
at a concentration of 0.6 mg/mL ethanolic extract was 57.0 ± 1%, slightly lower than
77.71 ± 1.94% obtained by us for a concentration of 500 μg/mL (0.5 mg/mL).
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A. dracunculus leaves and inflorescence in a methanolic extract, used in the work of
Khezrilu Bandli and Heidari showed similar DPPH (%) values for the leaves and inflores-
cence extracts (86.43 ± 0.15% and 92.03 ± 0.11%, respectively) [61]. Lower values were
obtained for A. absinthium extract prepared from leaves and stems using ethanol 80% as
extractant; for a concentration of 1.4 mg/mL the leaves extract had 49.47 ± 0.015% and the
stem extract had 56.84 ± 0.026% inhibition [19].

The most numerous studies regarding the three species consider their terpenoid-rich
composition; however, their antioxidant effects were moderate. However, the extracts in
polar solvents from plant products of the three species of Artemisia have been investigated,
regarding the antioxidant effect. Studies have shown that the most concentrated com-
pounds in tarragon are phenolic acids, especially gallic acid, synaptic acid, syringic acid,
and the strong antioxidant activity can be accounted for by the high number of hydroxyl
groups and the presence of type 2-carboxyl groups [61]. Wormwood is more concentrated
in flavonoids next to phenolic acids, and values obtained in other studies indicate an
antioxidant potential similar to sweet wormwood or tarragon [62]. Sweet wormwood is
studied in most cases due to the presence of the sesquiterpene lactone artemisinin. We
observed in the HPLC evaluation (data not shown), that artemisinin was not present in
any of our extracts, as previously reported with significant degradability over storage [63].
Thus, the Artemia species tested here, as dried plant material available on the market, are
valuable sources of polyphenols and antioxidant products.

The three Artemisia ethanolic extracts are concentrated in phenolic acids, mainly
chlorogenic acid, with some differences between species. The highest content in chlorogenic
acid was obtained for sweet wormwood, followed by a similar concentration in tarragon,
while wormwood was three times less concentrated. As shown by others [64], this may
explain the angiogenic activity reported here using the chorioallantoic membrane assay.
Chlorogenic acid and flavonoids such as quercetin, kempferol and rutin were also identified
in relevant concentrations in the tarragon extract only. A. annua polyphenolic profile was
thoroughly investigated by Yi Song et al., who analyzed extracts from flowers, leaves,
stems and roots by LC/MS/MS that revealed a rich polyphenolic content, out of which
the most abundant compounds were caffeic acid derivatives [65]. Consistent with our
findings, the group of Mumivand et al. investigated the polyphenolic content extracted
from A. dracunculus, the LC analysis revealing a similar profile as the one identified by our
group, phenolic acids out of which chlorogenic acid being the dominant one, accompanied
by flavonoids [66]. In a similar approach, the polyphenolic profile of A. absinthium extract
disclosed a vast phytocompound content, phenolic acids, in particular chlorogenic acid
and p-coumaric acid being accountable as major components [57].

Great variability in the phytocompound profile and concentration are distinguished
from the available literature data, and significant differences are accounted on the climate,
soil, part of the plant, collection variables and extraction protocols. Once again, it reflects
the importance of extract standardization worldwide.

The viability of healthy keratinocytes was assessed after exposure to the Artemisia
extracts. Exposed to concentration of 100 μg/mL and 250 μg/mL the keratinocyte viability
was not hindered, displaying even stimulatory effects in the Alamar blue assay 72 h
following treatment. Wormwood extract at the concentration of 500 μg/mL also did not
influence the viability of HaCaT cells; however, sweet wormwood and tarragon extracts at
concentrations of 500 μg/mL and above decreased cells viability; thus, the recommended
concentrations for wound healing purposes are up to 250 μg/mL. The effects of various
Artemisia species were previously reported on different skin cells [67,68]. A study conducted
on A annua in concentration of 100 μg/mL showed no inhibitory effects on the viability of
normal fibroblasts [68]. Oh et al. indicated that Artemisia princeps Pampanini extract did not
display a cytotoxic effect on HaCaT cells at concentrations up to 500 μg/mL (62.5, 125, 250
or 500 μg/mL) [67]; in addition, Artemisia apiacea showed no cytotoxicity towards HaCaT
in concentration up to 200μg/mL [69].
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Artemisia absinthium from Serbia [70] was also evaluated and, generally, concentrations
below 400 μg/mL showed no cytotoxic effect on keratinocytes, while a Romanian cultivated
wormwood extract showed a decrease in HaCaT cells, only at 1000 μg/mL [19]. Another
study tested collagen scaffolds containing Romanian A. absinthium extract rich in luteolin
and quercetin, and results showed, 5 days following treatment, an improve in fibroblast
and keratinocyte proliferation to a higher extent than collagen alone. [71].

Our data regarding the three Artemisia species, AAn, AAb and ADr, indicated no
toxicity towards HaCaT cells at doses up to 250 μg/mL. We further investigated the
potential cytotoxicity through the LDH assay obtaining a confirmation of the lack of
cytotoxicity for the healthy keratinocytes upon treatment with all three Artemisia species
up to 100 μg/mL.

Interestingly Artemisia capillaris ethanolic extract from Korea, in concentration of
37.5 μg/mL induced an antiproliferative effect on healthy keratinocytes and, thus, consid-
ered as a potential anti-psoriatic agent [72].

The in vitro scratch assay exhibited wound closure capacity in healthy human ker-
atinocytes after treatment with 100 μg/mL for all three Artemisia species, indicative for a
pro-migratory and proliferative effect of keratinocytes during a wound healing process.
Extracts in concentration of 100 μg/mL induced after the drawing of the scratch line, 24 h
following treatment, a cellular density higher than the control. There are fewer studies that
investigate in vitro the migratory potential of healthy keratinocytes for Artemisia species.
Moaca et al. investigated the migratory potential of Romanian wormwood, and up to
250 μg/mL for the leaves and 500 μg/mL for the stems a pro-migratory effect was reported,
while only higher concentrations induced a decrease in the migratory capacity oh HaCaT
cells [19]. A. asiatica in concentrations as low as 5 μg/mL restored the proliferative and
migratory potential of keratinocytes after cisplatin induced inhibition [73].

Other studies involving the wound healing potential of Artemisia species use animal
models. A. absinthium from Algeria evaluated as an ointment on a rat model improved
wound contraction comparable to the control allantoin ointment [74]. A. dracunculus with
chitosan nanoparticle biofilm induced significant improvement of wound contraction on
rats compared to the other treatment groups [75].

With a high TPC and a potent radical scavenging activity, the effects on the viability
and migration potential of healthy keratinocytes of the wormwood extract investigated
here, although less concentrated in the phenolic compounds screened in this study, may be
related to other phytocompounds such as chalcones, cinnamic acid, artemetin as previously
shown by others [74].

The skin wound healing process involves a cascade of complex events including
angiogenesis. The angiogenic activity was assessed by the CAM model and a visible
increase of new vessel formation was observed 72 h after treatment with concentrations of
100 μg/mL, compared to Control specimens. Slight differences between the three tested
extracts were noted, with A. dracunculus and A. annua inducing the more pronounced effect.
Limited studies investigated the angiogenic potential of the three Artemisia species. Several
data indicate the anti-angiogenic effect, but for different species, such as A. sieberi [76],
A. capillaris in a polyherbal anti-obesity preparation [77] or A. herba-alba essential oil [78].
Other studies involving A. annua, showed that mostly sesquiterpenoid artemisinins are
responsible for the anti-angiogenic effect [79,80]. However, the pro-angiogenic effect
induced in ovo using the CAM assay can be explained based on the dominant phenolic
compound in all three extracts, chlorogenic acid, and its hormetic behavior reported
as a proangiogenic agent at small concentrations of 10 μg/mL, significantly increasing
endothelial cell migration and stimulating capillary tube formation [64,81,82].

Finally, using the in ovo chorioallantoic membrane, and a modified HET-CAM pro-
tocol, we assessed the anti-irritative potential of the three extracts in concentrations of
100 μg/mL. The assay allowed observing the potential preventive and healing capacities
of the extracts when exposed to a highly irritant agent, sodium dodecyl sulfate. Although
the results did not show a major improvement of the damaged vascular area, limitative
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effects can be underlined as the irritation score obtained for the three extracts indicated
a superior effect as compared to the solvent control alone. A. annua and A dracunculus
showed a slightly higher anti-irritative effects.

The three Artemisia species available on the herbal market in Romania investigated
as 80% ethanolic extracts displayed a high content in phenolic compounds, with different
phytochemical profile following LC-MS analysis. All extracts showed chlorogenic acid as
dominant polyphenol; A. annua and A. dracunculus revealed to be almost three times more
concentrated than A. absinthium. Still, accounting for high TPC values; similar biological
effects were registered by the three species, in terms of in vitro radical scavenging activity,
proliferative and pro-migratory effects on keratinocytes. The angiogenic process was also
promoted by all three extracts in concentration of 100 μg/mL, with a different, more pro-
nounced impact in the case of A. annua and A. dracunculus. Moreover, potentially beneficial
in alleviating skin irritation, the three Artemisia extracts are safe to use on cutaneous and
mucosal tissues.

5. Conclusions

We demonstrated the effective promotion of normal keratinocyte proliferation and
migration by the three Artemisia extracts. Up to a concentration of 100 μg/mL the extracts
enhanced cell viability, restored wound closure and slightly reduced the irritation induced
by SDS in ovo. Angiogenesis was activated by increasing new vessel formation, especially
by A. annua and A. dracunculus extracts with significantly higher content of chlorogenic
acid. The high total phenolic content and the significant radical scavenging activities of the
three Artemisia extracts are important features potentially improving the wound healing
dysregulated microenvironment. The three Artemisia species, easily available on the herbal
market, may represent low-cost alternatives, benefitting from a multi-targeted mechanism
and a safe profile, hence applicable in the design of novel wound dressing preparations for
wound care management.
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in Gastrointestinal Ailments: Ethnopharmacology, Antimicrobial Capacity, Cytotoxicity, and Phenolic Profile. Evid. Based
Complement. Altern. Med. 2021, 2021, 9961089. [CrossRef]

71. Gaspar-Pintiliescu, A.; Seciu, A.M.; Miculescu, F.; Moldovan, L.; Ganea, E.; Craciunescu, O. Enhanced Extracellular Matrix
Synthesis Using Collagen Dressings Loaded with Artemisia absinthium Plant Extract. J. Bioact. Compat. Polym. 2018, 33, 516–528.
[CrossRef]

72. Lee, S.Y.; Nam, S.; Hong, I.K.; Kim, H.; Yang, H.; Cho, H.J. Antiproliferation of Keratinocytes and Alleviation of Psoriasis by the
Ethanol Extract of Artemisia capillaris. Phytother. Res. 2018, 32, 923–932. [CrossRef] [PubMed]

73. Chang, J.W.; Hwang, H.S.; Kim, Y.S.; Kim, H.J.; Shin, Y.S.; Jittreetat, T.; Kim, C.H. Protective Effect of Artemisia asiatica (Pamp.)
Nakai Ex Kitam Ethanol Extract against Cisplatin-Induced Apoptosis of Human HaCaT Keratinocytes: Involvement of NF-Kappa
B- and Bcl-2-Controlled Mitochondrial Signaling. Phytomedicine 2015, 22, 679–688. [CrossRef] [PubMed]

74. Boudjelal, A.; Smeriglio, A.; Ginestra, G.; Denaro, M.; Trombetta, D. Phytochemical Profile, Safety Assessment and Wound
Healing Activity of Artemisia absinthium L. Plants 2020, 9, 1744. [CrossRef] [PubMed]

75. Ranjbar, R.; Yousefi, A. Artemisia Dracunculus in Combination with Chitosan Nanoparticle Biofilm Improves Wound Healing in
MRSA Infected Excisional Wounds: An Animal Model Study. EurAsian J. Biosci. 2018, 12, 219–226.

76. Abdolmaleki, Z.; Arab, H.A.; Amanpour, S.; Muhammadnejad, S. Anti-Angiogenic Effects of Ethanolic Extract of Artemisia sieberi
Compared to Its Active Substance, Artemisinin. Rev. Bras. Farmacogn. 2016, 26, 326–333. [CrossRef]

101



Appl. Sci. 2022, 12, 1359

77. Yoon, M.; Kim, M.Y. The Anti-Angiogenic Herbal Composition Ob-X from Morus alba, Melissa officinalis, and Artemisia capillaris
Regulates Obesity in Genetically Obese Ob/Ob Mice. Pharm. Biol. 2011, 49, 614–619. [CrossRef]
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Abstract: The research aimed to investigate the chemical composition and antioxidant and antibac-
terial potential of the essential oil (EO) isolated from the aerial parts (flowers, leaves, and stems)
of Ruta graveolens L., growing in western Romania. Ruta graveolens L. essential oil (RGEO) was iso-
lated by steam distillation (0.29% v/w), and the content was assessed by gas chromatography-mass
spectrometry (GC-MS). Findings revealed that 2-Undecanone (76.19%) and 2-Nonanone (7.83%)
followed by 2-Undecanol (1.85%) and 2-Tridecanone (1.42%) are the main detected compounds of
the oil. The RGEO exerted broad-spectrum antibacterial and antifungal effects, S. pyogenes, S. aureus,
and S. mutans being the most susceptible tested strains. The antioxidant activity of RGEO was
assessed by peroxide and thiobarbituric acid value, 1,1-diphenyl-2-picrylhydrazyl radical (DPPH),
and β-carotene/linoleic acid bleaching testing. The results indicated moderate radical scavenging
and relative antioxidative activity in DPPH and β-carotene bleaching tests. However, between the
8th and 16th days of the incubation period, the inhibition of primary oxidation compounds induced
by the RGEO was significantly stronger (p < 0.001) than butylated hydroxyanisole (BHA). Molecular
docking analysis highlighted that a potential antimicrobial mechanism of the RGEO could be exerted
through the inhibition of D-Alanine-d-alanine ligase (DDl) by several RGEO components. Docking
analysis also revealed that a high number RGEO components could exert a potential in vitro protein-
targeted antioxidant effect through xanthine oxidase and lipoxygenase inhibition. Consequently,
RGEO could be a new natural source of antiseptics and antioxidants, representing an option for the
use of synthetic additives in the food and pharmaceutical industry.

Keywords: Ruta graveolens L.; essential oil; 2-undecanone; 2-nonanone; antimicrobial activity; antiox-
idant activity; molecular docking
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1. Introduction

Food spoilage may be caused by physical, chemical, or microbiological mechanisms.
Microbial spoilage is frequently due to spoilage bacteria, yeasts, or moulds’ growth and/or
metabolism [1,2]. The chemical spoilage typically occurs when food exposure to oxygen
triggers a chain of several chemical reactions involving lipids, fatty acids, and pigments and
generates chemical compounds with undesirable biochemical properties, such as toxicity
and unpleasant smell, taste, and colour [3]. These changes make foodstuff unacceptable
or undesirable for consumption and, finally, generate food loss and waste [2]. The real
economic losses generated by food spoilage are challenging to estimate. However, these
losses represent a substantial financial burden assessed at 1.3 billion tonnes per year by
FAO [4].

Consequently, to increase foodstuff quality, safety, and shelf-life without any adverse
effect on their nutritional or sensorial properties, food additives such as preservatives and
antioxidants have become indispensable for the food industry, mainly synthetic ones. In
recent decades, there has been significant scientific progress concerning pharmacological
studies of aromatic plants to identify and valorise natural extracts [5,6]. This trend is
concurrent with an increasing interest in identifying new sources of preservatives and an-
tioxidants to replace synthetic food additives because of their potential carcinogenicity [7,8].
A large plethora of plant extracts are also well known and researched for their antimicrobial
potential. These extracts contain various compound classes such as terpenes, polyphenolic
compounds, flavonoids, various adelhydes, and ketones or alkaloids that disrupt bacteria
activity by various mechanisms [9]. These mechanisms include key enzymes that play
important roles in bacterial survival and proliferation and are frequently used as targets
for novel antimicrobial drug design or for the determination of active antimicrobial agents’
mechanisms of action using computational methods [10]; Rutaceae family have been recog-
nized for their economic value and also for the cultivated citrus fruits, timber, and essential
oils (EOs), indicating a potential source of natural active principles [11–13]. One of the gen-
era of Rutaceae family plants investigated is the genus Ruta [13]. The genus Ruta includes
about 40 species of perennial shrubs and herbs distributed along the Mediterranean coast,
the Balkan Peninsula, and Crimea [14]. In Romania, the Ruta genus is represented by Ruta
graveolens L., Ruta suaveolens D.C., and Dictamnus albus L. [15]. Among the family members,
R. graveolens L. stands out for EO production [6]. Several studies report that oxygenated
compounds (e.g., aldehydes, alcohols, and esters) are predominant in the R. graveolens
EOs (RGEO) isolated from leaves, fruits, flowers, stems, and roots [16]. In contrast, other
investigations mention aliphatic compounds, especially ketones (2-undecanone and 2-
nonanone), representing more than 50% of the total composition of RGEO [6,14,17]. These
differences in the phytochemical profile of R. graveolens may explain the anti-rheumatic,
anti-diarrheic, anti-inflammatory, anti-febrile, antiulcer, anti-diabetics, and antimicrobial
properties reported in the recent pharmacological trials [6,18,19]. To our knowledge, no
investigation of the antioxidant properties of R. graveolens has been previously reported.
However, several studies report the in vitro antioxidant properties of the Ruta montana and
Ruta chalepensis. Still, no investigations report the Ruta genus members’ antioxidant activity
in food systems.

This research aimed to investigate: (i) the chemical composition of the EO isolated
from the aerial parts of R. graveolens cultivated in western Romania by using the GC-MS
technique; (ii) the antioxidant and antimicrobial activities of the oil; and (iii) the mechanisms
of interaction between RGEO chemical components and target proteins corelated with
antibacterial activity and intracellular antioxidant mechanisms, thus aiming for its potential
application in food and pharmaceutic industries as a green preservative and/or antioxidant.

2. Materials and Methods

2.1. Plant Material and RGEO Isolation Procedure

The fresh plant material was harvested manually, during the flowering phase in July
2019, from the experimental fields of the Didactic Station ”Tinerii Naturalis, ti”/Banat’s
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University of Agricultural Sciences and Veterinary Medicine “King Michael I of Romania”
in Timisoara, Romania. After identification, a voucher specimen (VSNH.BUASTM–109/1)
was deposited in the Herbarium of Agricultural Technologies Department, Faculty of
Agriculture, Banat’s University of Agricultural Sciences and Veterinary Medicine “King
Michael I of Romania” from Timisoara, Romania. The fresh plant material (flowers, leaves,
and stems) was manually chopped into parts approximately 1.5 cm long and immediately
submitted to steam distillation [20] in a Craveiro apparatus for 4 h. A water-cooled EO
receiver was used to reduce the formation of artifacts due to overheating, which may occur
during the isolation of RGEO. After separating the RGEO by decantation (yielding at 0.29%
v/w), the oil was dried using anhydrous sodium sulphate and stored until use at −18 ◦C.

2.2. Gas Chromatography Coupled to Mass Spectrometry Method

The RGEO was analyzed using a sensitive and qualitative gas chromatographic
technique performed on an HP6890 gas chromatograph coupled with an HP5973 mass
spectrometer. The sample, diluted 1:1000 in hexane, was injected in a splitless mode in a
heated inlet at 230 ◦C, and run through a Bruker Br-5MS column (30 m × 0.25 mm; film
thickness 0.25 μm) (Agilent Technologies, Santa Clara, CA, USA), carrier gas: helium, flow
rate 1.0 mL/min. The gas chromatograph oven temperature was set up to 50 ◦C for 5 min,
raised to 300 ◦C at a temperature rate of 6 ◦C/min, and kept there for 5 min. The HP5973
mass spectrometer operating parameters were as follows: ionization potential, 70 eV; mass
analyzer quadrupole 150 ◦C; solvent delay 3.0 min; mass range 50 to 550 amu. The NIST0.2
spectral library (USA National Institute of Science and Technology software) was employed
to identify the compounds (similarity indexes > 90 %), followed by a comparison of the
retention index (RI), calculated based on the n-alkanes C8–C20 homologous series, with the
values reported in the literature [21].

2.3. Effect of RGEO on Cold-Pressed Sunflowers Oil Oxidation

RGEO and synthetic antioxidants, butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT), used for comparison were added at 200 mg/L concentrations sepa-
rately to 10 mL of cold-pressed sunflower oil purchased from the local market. Oxidation
was periodically evaluated by measuring peroxide value (PV) at the 0th, 4th, 8th, 12th, 16th,
20th, and 24th days of storage according to the potentiometric end-point determination
method described by ISO 27107:2010 [22]. In addition, the thiobarbituric acid (TBA) value
was analysed to measure secondary oxidation products in the cold-pressed sunflower oil
at the same days of storage, according to the previous investigation described by Jianu
et al. [23]. A negative control sample was prepared under the same conditions without
adding any additives. All analyses were performed in triplicate.

2.4. 1,1-Diphenyl-2-picrylhydrazyl Radical (DPPH) Free Radical Scavenging Activity

The radical-scavenging activity of the RGEO with DPPH was established on the scav-
enging capacity of the stable DPPH· free radical following the Brand-Williams method [24].
Shortly, all samples, RGEO and reference positive controls (δ-tocopherol, BHA, BHT) were
diluted in methanol to obtain concentrations between 1.5 and 0.093 mg/mL. Samples were
pipetted in triplicate into plates with 96 wells and left to incubate at room temperature in
the dark for 30 min. Their absorbances were read at 515 nm against methanol as a nega-
tive control at a Tecan i-control 1.10.4.0 Infinite 200Pro spectrophotometer. The obtained
results were expressed as a DPPH free radical percentage (I%) and calculated based on the
equation: I% = (Amethanol − Asample/Amethanol) × 100; Amethanol is methanol absorbance,
and Asample is the tested sample absorbance. IC50 index was calculated with the software
BioDataFit 1.02 (Chang Bioscience Inc., Fremont, CA, USA).

2.5. β-Carotene Bleaching Test

The experiment measured the coupled autoxidation of β-carotene and linoleic acid as
previously described by Jianu et al. [23]. Briefly, β-carotene (0.5 mg) was added to chloro-
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form (1 mL), linoleic acid (25 μL), and Tween 40 (200 mg). The mixture was evaporated
at 45 ◦C for 5 min under vacuum to remove chloroform. The residue was diluted slowly
with distilled water saturated with oxygen (100 mL) and vigorously shaken to form an
emulsion. The emulsion (2.5 mL) was transferred to the test tubes containing 350 μL of
RGEO methanolic solution (2 g/L concentration). BHT in methanol was used as a positive
control. The test tubes were gently shaken and incubated for 48 h (room temperature)
before their absorbances readings at 490 nm. All experiments were performed in triplicate.

2.6. Determination of Antimicrobial Activity
2.6.1. Bacterial Strains

For determining the RGEO antimicrobial activity, the following microbial reference
strains were used: Gram-positive cocci (Enterococcus faecalis ATCC 51299, Staphylococcus
aureus ATCC 25923, Streptococcus pyogenes ATCC 19615, and Streptococcus mutans ATCC
35668), Gram-negative bacilli (Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC
700603, Salmonella enterica serotype Typhimurium ATCC 14028, Shigella flexneri serotype 2b
ATCC 12022, and Pseudomonas aeruginosa ATCC 27853), and two strains of Candida species
(Candida albicans ATCC 10231 and Candida parapsilosis ATCC 22019). The methods used to
test RGEO antimicrobial activity were performed according to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) [25] and with minimal adjustments based
on our previous studies [20,23,26].

2.6.2. Antimicrobial Screening

The disk diffusion method was used for the initial testing of RGEO antimicrobial
activity. The microbial suspension was prepared to 0.5 McFarland using a standard saline
solution for each strain and inoculated on Mueller-Hinton agar (bioMérieux, Marcy-l’Etoile,
France). Afterward, on these plates, a disk (BioMaxima, Lublin, Poland) containing 10 μL of
RGEO to be tested and disks containing 5 μg levofloxacin and 25 μg fluconazole for positive
control were placed on the surface. The inhibition zones were measured in millimeters
after a 24-hour incubation at 35–37 ◦C for bacteria species and at 28 ◦C for Candida species.

2.6.3. Minimum Inhibitory Concentration

Using the serial dilution method, the microbial suspension was adjusted to
5 × 105 CFU/mL (colony forming units). Serial dilutions of RGEO in DMSO were pre-
pared, ranging from 400 to 12.5 mg/mL concentrations. The following: 0.5 mL microbial
suspension, 0.1 mL of each RGEO dilution, and 0.4 mL Mueller Hinton broth, were trans-
ferred in six test tubes, obtaining a final inoculum of 0.5 × 105 CFU/mL and a final RGEO
dilution from 40 to 1.25 mg/mL. After 24 h of incubation at 37 and at 30 ◦C, respectively, the
test tube containing the lowest RGEO concentration, and no visible growth was considered
MIC interpretation.

2.6.4. Minimum Bactericidal Concentration and Minimum Fungicidal Concentration

From the tubes with MIC, 1 μL was inoculated on Columbia agar and 5% sheep
blood for bacterial strains and Sabouraud for Candida strains (bioMérieux, Marcy-l’Etoile,
France). The inoculated plates were incubated for appropriately 24 h, and the lowest
concentration with no visible growth was considered for MBC or MFC.

2.7. In Silico Molecular Docking

Molecular docking analysis was achieved using a previously described method [27].
All protein target structures were retrieved from the RCSB Protein Data Bank [28] (Table 1).
These structures were optimized as suitable docking targets, using Autodock Tools v1.5.6
(The Scripps Research Institute, La Jolla, CA, USA). The protein structure file was prepared
by removing water molecules, unlinked atoms/protein chains, and the native ligands after
which the potential of the protein target was assigned with Kollman charges, a feature
imbedded in the software. The target structures were saved as pdbqt files. The structures
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of the 37 RGEO compounds were generated based on their available SMILE strings (or
isomeric SMILE strings in case of enantiomers), using BIOVIA Draw (Dassault Systems
BIOVIA). The 2D structures were converted into 3D structures using PyRx’s Open Babel
module by using 500 steps of a steepest descent geometry optimization with the MMFF94
forcefield. The lowest energy conformer generation does not alter the stereochemistry of
the input structures. Molecular docking was achieved with the PyRx v0.8 virtual screening
software (The Scripps Research Institute, La Jolla, CA, USA) using Vina’s encoded scoring
function [29]. This is a custom scoring function which combines, as their developers
describe, empirical information from both the conformational preferences of the receptor-
ligand complexes and experimental affinity measurements [29]. The docking software
was set to generate/dock 10 conformers of each input molecular structure. The docking
protocol was validated by re-docking the native ligands into their original protein binding
sites. The root means square deviation (RMSD) between the predicted and experimental
docking pose of the native ligand was calculated. Molecular docking was performed only
for cases with aforementioned RMSD values not exceeding a 2 Å threshold. The docking
grid box coordinates and size were selected to best fit the active binding site (Table 1).
Docking scores were recorded as ΔG binding energy values (kcal/mol). Protein-ligand
binding interactions were analysed using Accelrys Discovery Studio 4.1 (Dassault Systems
BIOVIA, San Diego, CA, USA).
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2.8. Statistical Analysis

The main approach for statistical testing the antioxidant property of RGEO was the
ANOVA method, with samples (synthetic antioxidants and RGEO) and incubation period
as main effects, followed by a post-hoc analysis. The overall ANOVA analysis shows that
the main effects and interaction effects are highly significant (p < 0.001) for PV and TBA
values. Because the number of observations of each sample per incubation period is low
(nine values), the normality assumption was tested on the ANOVA residuals using the
Shapiro–Wilk test. The null hypothesis was not rejected in the case of PV (p = 0.182) but was
rejected in the case of TBA (p < 0.001). Consequently, the post-hoc analysis was performed
using the Tukey parametric test in the case of PVs. Instead, the post-hoc analysis was
performed using Dun’s non-parametric test with Bonferroni correction for the TBA values.
To take into account the interaction effect, all the pairwise comparisons were performed
separately, for each incubation period at a time; also worth mentioning is that the groups
have homogenous variances at this level of analysis according to Leven’s test. In the
case of the scavenging effect on the DPPH radical assay, we faced the situation of non-
normality (Shapiro–Wilk, p = 0.005) of ANOVA residuals, non-homogeneity of variances
across groups (Levene, p < 0.001), and a low number of observations per group (nine
measurements). Therefore, the data have been normalized by using the natural logarithm
transformation. In addition, the Games-Howell test was used in post-hoc analysis to
address the lack of variance homogeneity. Finally, the ANOVA approach followed by
Tukey’s test in the post-hoc analysis was applied to assess the antimicrobial properties. The
ANOVA residuals have close to normality distribution (Shapiro–Wilk, p = 0.844), and the
groups (three inhibition zone measurements per group) are homogenous from a variance
point of view (Levens’s, p = 0.28). Data analysis was completed using JASP (Version 0.15),
and p-values < 0.05 were considered as significant.

3. Results

3.1. Chemical Composition of RGEO

Steam distillation of the fresh plant material of R. graveolens gave a yellowish oil
with an intense and penetrating odour with a yield of 0.29% (v/w). The extraction yields
obtained for R. graveolens are comparable to those reported in the literature [17,42–45]. As
previous reported by Formisano et al. [46], the total EO content of plants was affected by
genetic background, environmental conditions, and soil composition.

GC-MS analysis of the RGEO identifies thirty-seven compounds (Figure 1 and Table 2),
representing 98.68% of the obtained oil. The main detected compounds are 2-Undecanone
and 2-Nonanone at 76.19% and 7.83%, respectively, followed by 2-Undecanol at 1.85%
and 2-Tridecanone at 1.42%. The abundance of 2-Undecanone in RGEO is in accord
with the previous studies conducted on RGEOs from Egypt [47], Algeria [45], Iran [48],
and Saudi Arabia [49]. However, the proportions and nature of the identified chemical
compounds of the analysed EOs are not always the same compared with the previous
studies. These differences may be due to genetic, distinct environmental and climatic
conditions, geographic origins, and plant populations [49,50].
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Figure 1. Gas chromatogram of RGEO cultivated in western Romania.

Table 2. Chemical composition of RGEO cultivated in western Romania.

No Compounds KI a %

1. 3-Octanone 908 0.06
2. beta-Thujene 912 tr.
3. 4-Carene, (1S,3S,6R)-(−) 919 tr.
4. Hydroperoxide, 1-ethylbutyl 925 0.24
5. Hydroperoxide, 1-methylpentyl 934 0.19
6. (2E)-2-Hexenyl benzoate 942 tr.
7. 1-Cyclohexyl-2-propen-1-ol 947 tr.
8. 2-Bornene 959 tr.
9. para-Cymene 1005 0.58
10. beta-Terpinyl acetate 1011 0.08
11. Eucalyptol 1014 tr.
12. 4-Carene, (1S,3R,6R)-(−) 1042 0.06
13. 2-Nonanone 1076 7.83
14. 2-Decanone 1190 0.75
15. Cyclopropanecarboxylic acid, nonyl ester 1238 0.49
16. (S)-(+)-Carvone 1248 0.18
17. 2-Undecanone 1308 76.19
18. 2-Undecanol 1315 1.85
19. 1-methyl-cycloundecanol 1380 1.13
20. 2-Dodecanone 1412 0.63
21. beta-Caryophyllene 1439 0.55
22. 2-Acetoxytetradecane 1450 1.34
23. Germacrene-D 1478 0.42
24. 2-Tridecanone 1515 1.42
25. Hexa-hydro-farnesol 1536 0.28
26. Elemol 1568 0.48
27. 9-Methyl-10-methylenetricyclo [4.2.1.1(2,5)]decan-9-ol 1598 0.81
28. 2,5-Octadecadiynoic acid, methyl ester 1605 0.19
29. 4-(3,4-Methylenedioxyphenyl)-2-butanone 1612 0.15
30. Ascaridole epoxide 1615 0.24
31. Valeric acid, 2-tridecyl ester 1658 0.59
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Table 2. Cont.

No Compounds KI a %

32. Geranyl isovalerate 1663 0.32
33. alpha-Eudesmol 1669 0.38
34. 1,2,3,3a,4,9,10,10a-Octahydrobenzo[f]azulene 1681 0.40
35. Corymbolone 1743 0.13
36. Methoxsalen 1977 0.16
37. Bergaptene 1995 0.56

Total: 98.68
a Retention indices (RIs) calculated upon the calibration curve of alkane C8–C20 standard injected and analyzed in the same conditions as
RGEO.; tr. (trace) < 0.05.

3.2. Antioxidant Activity

The formation of primary lipid oxidation products throughout 24 days of storage of
the samples was measured using the amount of PV. The effect of RGEO, BHA, and BHT
on PV changes in cold-pressed sunflower oil lipids has been shown in Table 3. The PV
of samples treated with RGEO, after 8 days and 16 days of incubation, were lower than
the values of the control sample and samples treated with BHA and BHT, with a high
significance level (p < 0.001). After 12 days of incubation, the PV of the sample treated with
RGEO was lower than the values of the control sample and sample containing BHA but
higher than the values of the sample containing BHT with high significance in all cases
(p < 0.01). Finally, after 20 days and 24 days of incubation, the PV of the sample treated with
RGEO was significantly lower than the control sample values (p < 0.001) and significantly
higher than the samples treated with BHA and BHT (p < 0.001).

Table 3. The antioxidant effects of RGEO, BHA, and BHT in terms of peroxide values (meq of oxygen kg−1).

PV (meq of Oxygen kg−1)

Storage Time (Days) Control Sample BHT BHA RGEO

0 days 1.97 ± 0.05 bc 1.88 ± 0.04)a 1.93 ± 0.06 ab 2 ± 0.04 c

4 days 3.1 ± 0.06 a 2.98 ± 0.06 c 3.21 ± 0.06 b 3.13 ± 0.09 ab

8 days 5.67 ± 0.07 a 4.28 ± 0.04 b 5.9 ± 0.06 c 4.01 ± 0.05 d

12 days 7.7 ± 0.05 a 5.91 ± 0.06 b 7.06 ± 0.07 c 6.56 ± 0.08 d

16 days 9.73 ± 0.07 a 8.66 ± 0.08 b 8.68 ± 0.04 b 8.19 ± 0.05 c

20 days 12.12 ± 0.05 a 9.58 ± 0.03 b 9.82 ± 0.06 c 9.95 ± 0.06 d

24 days 15.91 ± 0.07 a 10.03 ± 0.05 b 10.11 ± 0.08 b 11.49 ± 0.08 c

Values with different superscripts are significantly different (p < 0.05) according to Tukey test; each value is the Mean ± SD.

TBA value has been extensively applied to evaluate the degree of lipid oxidation. TBA
reactive substances are reckoning the second stage auto-oxidation, during which peroxides
are oxidized to aldehyde and ketone [51]. The changes in TBA value of different treatment
samples during 24 days are shown in Table 4. Generally, the values of samples treated
with RGEO were closer to BHA values in the case of TBA measurements. From day 0
through day 20, the TBA values of samples treated with RGEO were higher than those of
samples treated with BHA, but the difference was not significantly different, with only
one exception, day 4. However, after 24 days of incubation, the values of TBA were lower
for samples treated with RGEO but not significantly different according to Dunn’s test
(p = 0.32). Regarding the TBA values of samples treated with BHT, samples treated with
RGEO were significantly higher after 4 through 20 days of incubation.
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Table 4. The antioxidant effects of RGEO, BHA, and BHT in terms of thiobarbituric acid value (TBA) (μg malondialde-
hyde g−1).

TBA (μg Malondialdehyde g−1)

Storage Time (Days) Control Sample BHT BHA RGEO

0 days 2.62 ± 0.04 a 2.5 ± 0.12 b 2.55 ± 0.08 ab 2.56 ±0.06 ab

4 days 3.08± 0.04 ab 2.85 ± 0.04 c 2.88 ± 0.05 ac 4.4 ± 0.06 b

8 days 7.51 ± 0.07 a 3.46 ± 0.05 b 4.55 ± 0.11 bc 6.54 ±0.11 ac

12 days 10.97 ± 0.06 a 5.18 ± 0.08 b 6.66 ± 0.15 bc 9.49 ± 0.1 ac

16 days 15.77 ± 0.1 a 5.9 ± 0.05 b 8.06 ± 0.07 bc 10.38 ± 0.11 ac

20 days 19.48 ± 0.2 a 6.67 ± 0.22 b 11.43 ± 0.08 bc 12.41 ± 0.16 ac

24 days 28.93 ± 0.04 a 7.3 ± 0.13 b 14.55 ± 0.08 ac 14.35 ± 0.12 bc

Values with different superscripts are significantly different (p < 0.05) according to Dunn’s test; each value is the Mean ± SD.

Antioxidants interact with 1,1-diphenyl-2-picrylhydrazyl radical, a stable free rad-
ical, and transform it into 1,1-diphenyl-2-picrylhydrazine. The degree of discoloration
demonstrates the radical scavenging potential or the hydrogen-donating ability of the
compounds [52]. RGEO was able to to reduce the stable free radical DPPH with an IC50
value of 0.25 ± 0.09 mg/mL (Table 5). Even if the effect of the radical scavenging activity
of RGEO is comparable to that of the delta-tocopherol (IC50: 0.16 ± 0.02 mg/mL), it is not
statistically significant (p = 0.133) according to the Games-Howell test. In contrast, BHA
(IC50: 0.09 ± 0.01 mg/mL) and BHT (IC50: 0.02 ± 0.02 mg/mL) exhibited significantly
(p < 0.05) better antioxidant activity than RGEO (Table 5). Recently, Benoli et al. (2020)
reported DPPH scavenging abilities for Moroccan oil of R. montana with an IC50 value of
0.244 mg/mL [53]. In contrast, Mohammedi et al. (2018) found IC50 values ranging from
0.0496 to 0.0634 mg/mL for R. montana oils collected from different regions in Algeria [54].
Similar results were reported by Jaradat et al. (2017) that found IC50 values ranging from
0.0069 to 0.0199 mg/mL for Palestinian R. chalepensis volatile oils [55], and by Althaher
et al. (2021) that reported an IC50 value of 0.035 mg/mL for Jordanian R. chalepensis
oil [56].

Table 5. Antioxidant activities of the RGEO by DPPH and β-carotene–linoleic acid bleaching test.

Parameter RGEO Delta-Tocopherol BHA BHT

DPPH, IC50 (mg/mL) 0.25 ± 0.09 a 0.16 ± 0.02 a 0.09 ± 0.01 b 0.02 ± 0.02 c

β-carotene bleaching (RAA) (%) 77.42 ± 0.07 Nd Nd 100

Values with different superscripts are significantly different (p < 0.05) according to Games-Howell test; each value is the Mean ± SD;
Nd—not detected.

The β-Carotene bleaching test is based on the discoloration of β-carotene determined
to its reaction with radicals produced by linoleic acid oxidation in an emulsion. The
antioxidants’ presence can decrease the rate of β-carotene bleaching [57,58]. The relative
antioxidant activity percentage (RAA%) of RGEO was calculated with the formula RAA
= ARGEO/ABHT, where ARGEO is the absorption of RGEO, and ABHT is the absorption of
BHT (positive control used). Compared with BHT, R. graveolens oil bleached β-carotene
by 77.42 ± 0.07% (Table 5). Similar results were reported by Loizzo et al. (2017) for leaf
extracts obtained from R. chalepensis [59]. However, no previous research were available in
the literature concerning the in vitro and in vivo antioxidant activity of RGEO to support
us to compare the results directly.
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3.3. Antimicrobial Activity

The in vitro antimicrobial activity of RGEO against nine bacteria and fungal strains
was evaluated qualitatively and quantitatively by the presence or absence of inhibition
zones, MIC, MBC, and MFC values. The diameters of the inhibition zone of RGEO, which
include the diameter (6 mm) of the paper disk against the microorganisms tested, are
shown in Table 6. The diameters of the inhibition zone induced by RGEO against the
tested microorganism strains ranged between 15.21 ± 0.14 mm and 20.61 ± 0.21 mm,
suggesting that the oil exerts low to moderate antimicrobial effects. The results revealed
that S. pyogenes, S. aureus, and S. mutans were the most susceptible tested strain to the
RGEO action, followed by C. albicans > C. parapsilosis > E. faecalis > P. aeruginosa > E. coli >
K. pneumoniae > S. enterica > S. flexneri. Our results agree with previous studies [6,45,49],
which reported that RGEO exhibited antimicrobial activity against S. aureus, E. faecalis, E.
coli, K. pneumoniae, and C. albicans. The recorded MICs, MBCs, and MFCs for the tested
strains were 1.25, 2.5, and 5 mg/mL, respectively. According to Aligiannis et al. [60], a
strong MIC EOs can hold up to 0.5 mg/mL, moderate for MIC 0.6–1.5 mg/mL, and low
for MIC above 1.5 mg/mL. The RGEO exhibited a moderate MIC for S. mutans and S.
pyogenes and showed low activity against the rest of the analyzed bacteria. Overall, RGEO
showed low efficiency in inhibiting the Gram-negative strains compared to Gram-positive
strains, following previous studies [6,27,49,61,62]. These differences in susceptibility could
be associated with different rates of penetration of EO constituents into the cell wall and
cell membrane structures. Therefore, the ability of EO to disrupt the permeability barrier
of cell membrane structures and the accompanying loss of chemiosmotic control are the
most likely reasons for its lethal action [63].

Table 6. Antimicrobial of the RGEO by disk diffusion, minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC), and minimum fungicidal concentration (MFC).

Bacterial and Yeast
Strains

Disk Diffusion (mm) MIC Value (mg/mL) MBC Value (mg/mL) MFC Value (mg/mL)

Streptococcus mutans 19.77 ± 0.26 b 1.25 1.25 -

Streptococcus pyogenes 20.61 ± 0.21 a 1.25 1.25 -

Staphylococcus aureus 19.89 ±0.14 b 2.5 2.5 -

Enterococcus faecalis 16.56 ± 0.17 d 2.5 2.5 -

Escherichia coli 15.76 ± 0.1 fe 5.0 5.0 -

Klebsiella pneumoniae 15.71 ± 0.13 fe 5.0 5.0 -

Salmonella enterica 15.65 ± 0.23 fe 5.0 5.0 -

Shigella flexneri 15.21 ± 0.14 f 5.0 5.0 -

Pseudomonas aeruginosa 15.95 ± 0.08 de 5.0 5.0 -

Candida albicans 18.66 ± 0.26 c 2.5 - 2.5

Candida parapsilosis 18.42 ± 0.39 c 2.5 - 2.5

Values with different superscript are significantly different (p < 0.05) according to Tukey test; each value is the Mean ± SD.

3.4. In Silico Prediction of Mechanism by Molecular Docking Analysis

Ligand-based molecular docking is a computational technique that can be used, among
other methods, as a starting point for understanding the targeted mechanism of action
of a given molecular structure. In the form of free-binding energy values, the obtained
results may indicate an increased/decreased affinity of the analyzed molecule towards the
selected target compared to the native ligand (a known inhibitor), given that the binding
energy decreases when the compounds’ affinity increases [64–66]. For our current study,
we used a molecular docking-based protocol to identify possible protein targets for the 37
RGEO components, whose inhibition could be correlated with their in vitro antimicrobial
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activity. The same method was also employed to provide an insight regarding a potential
in vitro protein targeted based antioxidant activity, apart from the chemical structure
related antioxidant activity described above. Protein targets, usually associated with
bactericidal/bacteriostatic effects, such as dihydropteroate synthase (DHPS), dihydrofolate
reductase (DHFR), D-alanine: D-alanine ligase (Ddl), penicillin binding protein 1a (PBP1a),
DNA gyrase, type IV topoisomerase, and isoleucyl-tRNA synthetase (IARS), were used in
the present work [10]. Furthermore, molecular docking screening was also employed to
assess the RGEO components inhibitory potential towards protein targets that play active
roles in intracellular antioxidant mechanisms. To achieve this goal CYP2C9, lipoxygenase
xanthine oxidase, and NADPH-oxidase [67] were selected as protein targets.

Docking scores recorded as ΔG values (kcal/mol) corresponding to the 37 docked
compounds and the native ligands of each protein are presented in Table 7. However, we
intended to spot a trend related to a possible protein-targeted cumulative mechanism of
action associated with the set of 37 RGEO compounds in the sense that if a majority of the
RGEO components score better or comparable docking results with the native ligand of
a target protein, then that cumulative effect may lead to the observed biological activity.
To better visualize this tendency, firstly, the docking scores corresponding to each protein
target column were reordered in descending order, the lowest ΔG value representing the
highest affinity for that specific target. Subsequently, we generated a heatmap based on
the rearranged table. Each table column was colored with a three-color scheme gradient,
ranging from red for the ΔG value scored by the native ligand (used as control), through
white for the midpoint interval, and to blue for the highest value (the structure with the
lowest affinity), respectively. Thus, the columns of the target proteins where most of the
compounds obtained good docking scores compared to the native ligands will be colored
predominantly red (Figure 2).

Table 7. Docking results (binding energy, ΔG kcal/mol) for RGEO 37 compounds.

1N8Q 1OG5 2CDU 3NRZ 1JZQ 1KZN 2VEG 3RAE 3SRW 3TTZ 3UDI 2I80

Free Binding Energy ΔG (kcal/mol)

NL −5.8 −9.8 −9.3 −6.7 −8.8 −9.3 −6.9 −4.3 −9.9 −8.5 −7.4 −8.4
1 −4.8 −4.7 −4.7 −5.8 −4.3 −4.4 −4 −2.3 −4.5 −4.7 −3.9 −5.4

2 −5.8 −5.5 −5.2 −4.5 −4.8 −4.7 −3.8 −2.1 −5.7 −4.9 −4.4 −5.8

3 −7.1 −5.6 −5.8 −4.3 −5.2 −5.2 −4 −2.4 −6.2 −5.5 −4.6 −6.3

4 −4.7 −4.2 −4.3 −5.6 −3.9 −4.4 −4.1 −2.6 −4.3 −4.6 −4 −4.9

5 −4.8 −4.3 −4.3 −5.5 −4 −4.5 −4 −2.7 −4.6 −4.8 −4.1 −4.9

6 −5.2 −6.8 −6.3 −6.8 −5.8 −5.6 −5.3 −2.9 −6.2 −6.2 −5.3 −6.9

7 −5.8 −5.6 −5.5 −6.7 −5.1 −5 −4.7 −2.9 −5.7 −5.6 −4.6 −6

8 −3.3 −5.6 −5.7 1.7 −4.6 −4.2 −3.7 −2.1 −5.5 −4.7 −4.5 −6.2

9 −6.1 −6.2 −5.7 −6.9 −5.1 −5.3 −4.4 −2.3 −5.6 −5.8 −4.8 −5.9

10 −3.7 −6.8 −6.2 −6.5 −5.9 −5.7 −5.2 −3.4 −6.3 −6.3 −5.7 −6.8

11 −3.6 −5.6 −6 2.8 −4.8 −4.6 −3.7 −2.6 −5.9 −5 −4.8 −6

12 −7.1 −5.7 −5.8 −4.3 −5.1 −5.2 −4 −2.4 −6.2 −5.5 −4.6 −6.3

13 −4.7 −5 −4.9 −5.9 −4.6 −4.5 −3.7 −2.4 −4.8 −5.1 −3.9 −5.8

14 −4.8 −5.4 −4.8 −6.2 −4.7 −4.6 −4.2 −2.3 −5 −5.4 −4 −5.8

15 −4.3 −5.7 −5.3 −5.5 −4.9 −4.6 −4.8 −2.6 −5.4 −5.3 −4.6 −6.6

16 −5.3 −6.4 −6.2 −7.3 −5.7 −5.5 −4.8 −3.2 −5.9 −6 −5.2 −6.2

17 −4.7 −5.3 −5.2 −6 −4.9 −4.4 −4.1 −2.4 −5 −5.1 −4.2 −6

18 −5.3 −5.4 −5 −5.7 −5 −4.5 −4.3 −2.2 −5.2 −5.1 −4.3 −6.1
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Table 7. Cont.

1N8Q 1OG5 2CDU 3NRZ 1JZQ 1KZN 2VEG 3RAE 3SRW 3TTZ 3UDI 2I80

Free Binding Energy ΔG (kcal/mol)

19 −2.5 −6.2 −6.3 −3 −5.8 −5.3 −4.8 −3.4 −7.1 −6.5 −5.5 −3.4

20 −4.8 −5.5 −4.8 −5.7 −4.8 −4.7 −4.5 −2.4 −5.2 −5 −4.2 −6.4

21 −0.5 −7.3 −6.5 0.4 −6.3 −6.1 −4.9 −3 −7.6 −6.5 −6.2 −4.3

22 −2 −5.7 −5.8 −2.8 −5.4 −4.8 −4.2 −2.2 −5.9 −5.7 −5.1 −6.2

23 −1.3 −7.1 −6.5 −1.2 −6.8 −6.4 −5.3 −3 −7.7 −6.6 −6.2 −4.4

24 −4.7 −5.6 −5.1 −5.3 −4.9 −4.7 −4.4 −2.1 −5.4 −5.5 −4.5 −6.4

25 −2.1 −6.4 −6.3 −4.3 −5.7 −5.4 −5.1 −2.7 −6.1 −6.4 −5.6 −6.3

26 −2 −6.7 −6.6 −0.8 −6 −6.1 −4.6 −3 −7 −6.7 −5.9 −6.3

27 −0.4 −6.2 −6.7 2.5 −5.3 −5.1 −4.1 −3.2 −6.6 −5.6 −5.8 −5.3

28 0.7 −6 −5.6 −1.1 −5.1 −5.2 −4.8 −2.4 −6.4 −6 −5.1 −5.4

29 −2.9 −6.4 −6.5 −8 −5.8 −5.7 −5.2 −3.3 −6.6 −6.6 −5.8 −7.1

30 −4.7 −5.9 −6.2 −1.2 −5.9 −5.1 −5.1 −3.8 −6.2 −5.6 −5.9 −5.7

31 0.6 −5.5 −5.3 0.3 −4.8 −4.6 −4.5 −2.4 −5.6 −5.5 −4.9 −5.9

32 −2.3 −6.4 −5.8 −3.6 −5.6 −5.5 −5 −2.9 −6.3 −5.9 −5.8 −6.1

33 −2.7 −7.2 −7.2 −2.3 −6.7 −7.6 −5.4 −3.3 −7.8 −7 −6.6 −6.4

34 −0.8 −8.5 −7 −6.7 −7 −6.9 −5.7 −3.1 −7.7 −7.3 −6 −5.7

35 2.9 −7 −6.2 6.1 −6.2 −5.7 −4.6 −3.6 −7.8 −6 −5.4 −2.9

36 −3.7 −7 −7.4 −6.5 −6.8 −6.7 −6.4 −4.3 −7.3 −7.2 −7 −5.4

37 −3.7 −7.1 −7.1 −6.2 −6.3 −6.9 −6.2 −4.3 −7.4 −7.2 −6.4 −6.2

NL—native ligand; highlighted values represent cases were ΔG values of the respective compounds are lower than ΔG of the NL.

Concerning the set of proteins related to RGEO’s antibacterial activity, our results
show an increased affinity of the majority of docked molecules towards the DDl protein
(2I80). DDl is an essential key enzyme involved in bacterial wall biosynthesis and an
important drug target for developing new antibiotic agents. This enzyme is responsible for
the formation of the dipeptide D-alanine: D-alanine, in a two-step reaction, sequentially by
using D-alanine and ATP as substrates for the first reaction step and another D-alanine to
complete the reaction [35]. The analyzed compounds were docked in an allosteric pocket
adjacent to the D-Ala and ATP binding site. Of the docked compounds, various struc-
tures showed a good affinity towards DDl compared to the native ligand, in the range of
2.1 kcal/mol. These structures include monoterpenoids (β-Terpinyl acetate, −6.8 kcal/mol;
4-Carene, −6.3 kcal/mol), sesquiterpenes (Hexa-hydro-farnesol, −6.3 kcal/mol; Elemol
−6.3 kcal/mol, α-Eudesmol, −6.4 kcal/mol), esters (Cyclopropanecarboxylic acid, nonyl
ester, −6.6 kcal/mol; (2E)-2-Hexenyl benzoate, −6.9 kcal/mol), and ketones (2-Tridecanone,
−6.4 kcal/mol; 4-(3,4-Methylenedioxyphenyl)-2-butanone, −7.1 kcal/mol). These findings
can be correlated with previous studies that have clearly shown that monoterpenes or
terpene-rich EOs are bactericidal and induce bacterial wall disruption, causing the loss
of essential nutrients [68,69]. Additionally, based on the present computational data, the
antibacterial effect of RGEO may be attributed more to the lower occuring components.
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Figure 2. Three-colored heat map (red-white-blue gradient) obtained after coloring each reordered column of the docking
scores table in descending order, from red for the ΔG value scored by the native ligand (control), through white for the
midpoint interval, and to blue for the highest value (the structure with the lowest affinity).

Compound 29 (4-(3,4-Methylenedioxyphenyl)-2-butanone) was recorded as the highest-
scoring structure towards DDl. Binding analysis revealed a good accommodation of the
structure in the protein binding pocket (Figure 3). The compound forms four hydrogen
bonds (HBs) (Glu16, Leu95, Thr23, and Gly118), two hydrophobic interactions (Phe313,
Leu94), and one S-Pi interaction with Met310. This binding pattern is highly similar to that
of the native-ligand, which also forms three of the four HB mentioned above (Figure 3).
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Figure 3. Structure of DDl (2I80) in presence of 4-(3,4-Methylenedioxyphenyl)-2-butanone (29). (A) the native ligand,
3-chloro-2,2-dimethyl-N-[4-(trifluoromethyl)phenyl]propenamide and (B) compound 29 and the native ligand’s structures
superimposed; (C) HB interactions are depicted as green dotted lines; interacting amino acids are shown as violet sticks.

Terpenes, represent a varied structural group of naturally occurring compounds, with
a wide range of pharmacological proprieties. Given their well-documented antioxidant
potency, terpenes were shown to induce significant protection against oxidative stress
environments in the case of different types of diseases, such as neurodegenerative liver,
cardiovascular and renal diseases, cancer, diabetes, and aging [70]. The docking data
for the second subset of protein targets, corelated to the antioxidant activity, showed a
tendency for the majority of compounds to potentially inhibit xanthine oxidase (3NRZ)
and lipoxygenase (1N8Q), the results being very close.

Xanthine oxidase (XO) is the enzyme responsible for the metabolisation of hypoxan-
thine to xanthine and further to uric acid. The inhibition of XO was shown to reduce vascu-
lar oxidative stress and circulating levels uric acid [71]. Docking results show that four of
the assessed compounds recorded a superior affinity compared to that of the native ligand,
hypoxanthine (−6.7 kcal/mol). These compounds include 4-(3,4-Methylenedioxyphenyl)-
2-butanone (29), (2E)-2-Hexenyl benzoate (6), (S)-(+)-Carvone (16), and 2-Bornene, with
compound 29 showing the highest calculated affinity for XO. Binding analysis reveals
the formation of 3HB (Val1011, Thr1010, Ala1079), two of which are also observed in the
case of the native ligand hypoxanthine and several other hydrophobic interactions, which
stabilize the molecule in a tight conformation (Figure 4). Previous reports showed that rich
monoterpene EOs exerted a significant antioxidant effect, assessed by a HPLC-based assay
that quantifies the activity of xanthine oxydase [72].
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Figure 4. Structure of XO (3NRZ) in complex with 4-(3,4-Methylenedioxyphenyl)-2-butanone (29). (A) the native ligand,
hypoxanthine; (B) compound 29 and the native ligand’s structures superimposed; and (C) HB interactions are depicted as
green dotted lines; interacting amino acids are shown as violet sticks.

In the case of lipoxygenase (LOX) (1N8Q), three compounds scored higher than the
native ligand. These structures include the two stereoisomers of 4-Carene (3,12) and p-
Cymene (9). The most active compound, 4-Carene interacts with the active site of LOX
through multiple hydrophobic interactions, as presented in Figure 5. LOX is, among others,
a polyunsaturated fatty acid (PUFA) metabolizing enzyme. PUFA metabolites profoundly
affect inflammatory diseases and cancer progression [32]. Therefore, antioxidant com-
pounds that act as LOX inhibitors may reduce these problems. These findings are in line
with a previous study that showed the inhibitory LOX activity of terpene-containing orange
juice extracts. The study also showed that some extracts elicited LOX inhibitory activity
comparable to the known inhibitor quercitin [73].
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Figure 5. Structure of LOX (1N8Q) in presence of 4-Carene (3). (A) the native ligand, protocatechuic acid; (B) compound 3
and the native ligand’s structures superimposed; and (C) hydrophobic interactions are depicted as purple dotted lines and
HB as green dotted lines; interacting amino acids are shown as violet sticks.

4. Conclusions

The current research reveals that the volatile oil extracted from the aerial parts of R.
graveolens L. is rich in ketone compounds, mainly 2-Undecanone and 2-Nonanone. The
oil exhibits broad-spectrum antifungal and antibacterial effect along with moderate an-
tioxidants properties revealed by DPPH and β-carotene/linoleic acid bleaching assays.
However, the oil inhibited the formation of primary oxidation products is significantly
stronger (p < 0.001) than BHA between the 8th and 16th days of the incubation period.
Furthermore, molecular docking analysis showed that the RGEO could exert its antimicro-
bial activity by inhibiting the DDl enzyme. The compound with the highest affinity (29)
binds in the active site through HB interactions (Glu16, Leu95, Thr23, and Gly118), sharing
a high similarity with the native ligand. RGEO compounds may also induce an in vitro
antioxidant effect through cumulative XO and LOX inhibition. The highest in silico active
compounds showed increased affinity for XO inhibition (compound 29 through HB forma-
tion with Val1011, Thr1010, Ala1079) and LOX inhibition (compound 3) mainly through
a high number of hydrophobic interactions. Consequently, the analyzed oil could be a
new source of natural preservatives and antioxidants in various food and pharmaceutical
industry applications.
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Abstract: Yeasts are the most common group of microorganisms responsible for spoilage of soft
drinks and fruit juices due to their ability to withstand juice acidity and pasteurization temperatures
and resist the action of weak-acid preservatives. Food industries are interested in the application
of natural antimicrobial compounds as an alternative solution to the spoilage problem. This study
attempts to investigate the effectiveness of three Australian native plant essential oils (EOs) Tasma-
nian pepper leaf (TPL), lemon myrtle (LM) and anise myrtle (AM) against weak-acid resistant yeasts,
to identify their major bioactive compounds and to elucidate their anti-yeast mode of action. The
minimum inhibitory concentration (MIC), minimum fungicidal concentration (MFC) and minimum
bactericidal concentration (MBC) were assessed for EOs against weak-acid resistant yeasts (Candida
albicans, Candida krusei, Dekkera anomala, Dekkera bruxellensis, Rhodotorula mucilaginosa, Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Zygosaccharomyces bailii and Zygosaccharomyces rouxii) and bacte-
ria (Staphylococcus aureus and Escherichia coli). The EOs showed anti-yeast and antibacterial activity at
concentrations ranging from 0.03–0.07 mg/mL and 0.22–0.42 mg/mL for TPL and 0.07–0.31 mg/mL
and 0.83–1.67 mg/mL for LM, respectively. The EOs main bioactive compounds were identified as
polygodial in TPL, citral (neral and geranial) in LM and anethole in AM. No changes in the MICs of
the EOs were observed in the sorbitol osmotic protection assay but were found to be increased in
the ergosterol binding assay after the addition of exogenous ergosterol. Damaging of the yeast cell
membrane, channel formation, cell organelles and ion leakage could be identified as the mode of
action of TPL and LM EOs. The studied Australian native plant EOs showed potential as natural
antimicrobials that could be used in the beverage and food industry against the spoilage causing
yeasts.

Keywords: Australian native plants; essential oils; weak-acid resistant yeast; natural antimicrobials;
anti-yeast activity

1. Introduction

Plant essential oils (EOs) have been utilized for many centuries in traditional medicine,
as spices, coloring, perfume and aromatherapy [1,2]. Due to their beneficial properties, they
have been incorporated in recent years into pharmaceuticals, food preservation, agriculture,
disinfection and sanitation products, and cosmetics [3]. There are about 3000 known
EOs; however, only 10% have been commercially utilized in different industries [4,5].
Plant EOs are unique and worth deeper investigation due to their multiple bioactive
properties such as being antibacterial, antiviral, antifungal, anti-toxigenic, anti-carcinogenic,
antioxidant, anti-parasitic, insecticidal, sedative, anti-inflammatory, antiseptic, spasmolytic
and anesthetic [1,3,4]. There is a huge opportunity to study and exploit the biological
properties of these EOs for novel applications in the food (e.g., as natural preservatives)
and pharmaceutical industries.
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In recent years, EOs have been studied for their antimicrobial properties against
bacteria, fungi and viruses. However, little is known about their efficacy when compared
to synthetic food preservatives, their activity against weak-acid resistant yeasts and mode
of action [6–10].

Yeasts are well-known for their positive contributions in the production and devel-
opment of various foods and beverages. However, some species of yeasts cause negative
effects by spoilage [11]. These yeasts can grow in an environment that has a low water
activity, low pH, high concentration of sugar/salt, cold temperatures and are able to resist
and survive within the legally permitted levels of synthetic preservatives, which creates
a real challenge to the food and beverage industries [6,12,13]. The scientific literature
shows numerous studies referring to the emergence of spoilage yeast resistant to weak-acid
preservatives such as acetic acid, benzoic acid, sulfur dioxide and sorbic acid [6,12,13].
Almost every food industry that manufactures acid beverages was exposed to one or more
occasions of great economic losses due to yeasts that are resistant to weak-acid preserva-
tives [14]. A great example of the seriousness of this challenge is when yeasts spoiled about
300,000 bottles of orange-based carbonated beverages from one of the manufacturers in
Europe [6]. The observed increased resistance is a “wake up call” to look for alternative
solutions, and the food industry is interested in exploring the utilization of natural an-
timicrobial compounds as an alternative pathway to control this spoilage problem [15]. In
addition, the pharmaceutical industry is also focusing on incorporating natural products in
medications, where about 28% of all the newly approved drugs were derived from either
natural or derivatives of natural compounds [16,17].

The rich Australian indigenous flora contains a variety of plants that are abundant
in EOs and phytochemicals with promising biological activities. Three commercially pro-
duced plants, Tasmanian pepper leaf (TPL) (Tasmannia lanceolata), lemon myrtle (LM)
(Backhousia citriodora) and anise myrtle (AM) (Syzygium anisatum) are known to possess
antimicrobial activities. TPL belongs to the Winteraceae family and is located in forested re-
gions in Tasmania, Victoria and north to the Blue Mountains [18]. Polygodial, sesquiterpene
dialdehyde, is reported to be the major bioactive compound (37% to 64%) in TPL EO con-
tributing to its antibacterial and antifungal activities [18–22]. TPL is utilized commercially
in food products as a flavoring, seasoning, coloring and preservative agent [19,23,24]. LM
is a member of the Myrtaceae family and grows in the subtropical rainforests of central and
southeast regions of Queensland, Australia spreading along the coastal regions from Bris-
bane to Cairns [25]. LM EO was first steam distilled in 1890 and is used as a flavoring agent
in food and beverage systems, cosmetic products, fragrances and aromatherapy [26–29].
The antimicrobial properties of LM are due to its predominant compound (82% to 91%)
citral, a monoterpene aldehyde [30]. Anise myrtle is a rare Australian native plant found
in the moist rainforest areas located in the Bellingen Valley of northeast New South Wales
and some nearby parts of Queensland [31]. Its leaves are used as an herb either fresh or as
ground powder to provide aniseed flavors in Australian cuisines, and its EO is utilized in
cosmetic products, alcoholic beverages and in the pharmaceutical industry [32]. EO of AM
consists of anethole (94.97%) and its isomer methyl chavicol (4.43%), known as estragole,
which contribute to the antimicrobial property [33].

There is a knowledge gap regarding the antimicrobial activity of Australian native
essential oils against weak-acid resistant yeasts that are commonly reported to cause
spoilage in fruit juices. Therefore, the aims of this study are to evaluate the antimicrobial
activities of TPL, LM and AM EOs against nine weak-acid resistant yeasts, Candida albicans,
Candida krusei, Dekkera anomala, Dekkera bruxellensis, Rhodotorula mucilaginosa, Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Zygosaccharomyces bailii and Zygosaccharomyces rouxii
and two food related bacteria Staphylococcus aureus and Escherichia coli, to determine the
EOs minimum inhibitory concentration (MIC), minimum fungicidal concentration (MFC),
and minimum bactericidal concentration (MBC), and to investigate possible synergistic
effects between the three EOs and to elucidate the potential anti-yeast mode of action of
these EOs.
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2. Materials and Methods

2.1. Essential Oils and Other Chemicals

EOs of LM and AM were supplied by Australian Rainforest Products Pty Ltd. (Lis-
more, NSW, Australia) and EO of TPL was supplied by Essential Oils of Tasmania Pty
Ltd. (Margate, TAS, Australia). Oils were kept in their original bottles protected from light
and stored at 4 ◦C until further use. In all experiments, EOs were applied as emulsions
in sterile water with Tween-80 at a ratio of 10:1 (v/v). Nutrient broth (CM0001, Oxoid,
Basingstoke, UK), Sabouraud dextrose broth (CM0147, Oxoid, Basingstoke, UK), Tween-
80 (9005656, Sigma-Aldrich, St. Louis, MO, USA), ergosterol (57874, Sigma-Aldrich, St.
Louis, MO, USA), sorbitol (50704, Sigma-Aldrich, St. Louis, MO, USA), Cesium chloride
(15507023, Thermo Fisher Scientific, Scoresby, VIC, Australia), Sodium Chloride (Thermo
Fisher Scientific, Scoresby, VIC, Australia), DAPI (4′,6-diamidino-2-phenylindole) (62247,
Thermo Fisher Scientific, Scoresby, VIC, Australia), paraformaldehyde (R37814, Thermo
Fisher Scientific, Scoresby, VIC, Australia), poly-L-lysine (25988630, Sigma-Aldrich, St.
Louis, MO, USA), glutaraldehyde (ProSciTech, Townsville, QLD, Australia), osmium tetrox-
ide (ProSciTech, Townsville, QLD, Australia), phosphate buffered saline (Sigma P4417,
Sigma-Aldrich, Castle Hill, NSW, Australia).

2.2. Microorganisms

Antimicrobial testing was performed against two bacteria, Gram-positive Staphylococ-
cus aureus (ATCC 9144) and Gram-negative Escherichia coli (ATCC 11775), and nine yeasts,
Candida albicans (ATCC 10231), Candida krusei (ATCC 6258), Dekkera anomala (ATCC 58985),
Dekkera bruxellensis (ATCC 56866), Rhodotorula mucilaginosa (ATCC 20129), Saccharomyces
cerevisiae (ATCC 38555), Schizosaccharomyces pombe (ATCC 26189), Zygosaccharomyces bailii
(ATCC 38923) and Zygosaccharomyces rouxii (ATCC 10682). Microorganisms were purchased
from In Vitro Technologies (Melbourne, VIC, Australia).

2.3. Determination of Antimicrobial Activity

The minimum inhibitory concentration (MIC), defined as the lowest oil concentra-
tion to inhibit visible microbial growth, was performed by a broth serial microdilution
method using 96-well plates according to Ahmad and Viljoen [34] with a few modifications.
Cultures were grown for 24 h at 35 ◦C in a nutrient broth (CM0001, Oxoid, Basingstoke,
UK) for bacteria and at 25 ◦C in a Sabouraud dextrose broth (CM0147, Oxoid) for yeasts,
except for C. albicans and S. pombe which were grown at 30 ◦C. Cultures were measured at
OD540 = 0.5 McFarland, diluted (using their designated double strength broth) into 1 × 105

colony forming units (cfu) per ml and dispensed (100 μL) onto the 96-well plates. A stock
solution of EO was diluted serially two-fold in 25 mL centrifuge tubes to give solutions
from 1 to 0.002% (v/v) and 100 μL of each concentration was dispensed in triplicate from
highest to lowest on the plate. Growth control (culture + broth + Tween-80), sterility control
(broth + tween-80 + EO) and standard drugs as positive control (amphotericin B for yeasts
and chloramphenicol for bacteria) were included in every microplate assay test. After
incubation for 48 h for yeasts and 24 h for bacteria, the absence of a white growth on
the bottom of the well was used as an indication of the MIC. The minimum bactericidal
concentration (MBC) and minimum fungicidal concentration (MFC) were determined by
inoculating 20 μL from wells with no observed growth onto a new 96-well plate containing
100 μL broth (normal strength) and incubated at the same conditions as described above.
Wells with no visible growth and the lowest EO concentration were determined as the MBC
or MFC. The whole procedure was performed in triplicate and the MICs, MBCs and MFCs
were expressed in mg/mL.

2.4. Ergosterol Binding Assay

The interaction between EOs and ergosterol was evaluated by observing the MIC
changes in the absence and presence of ergosterol at concentrations of 25, 50 and 100 μg/mL
using a broth serial dilution method on 96-well plates [35]. Ergosterol was dissolved in
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ethanol and Tween-80 (1:1, v/v) at 40 ◦C and 50 μL of that solution was dispensed onto the
plate. Each well contained 100 μL double strength broth and 100 μL of EO as previously
prepared, with a yeast culture concentration of 1–2 × 105. Growth control (culture + broth
+ ethanol + tween-80) and sterility controls were included on the same 96-well plates.

2.5. Sorbitol Osmotic Protection Assay

The sorbitol assay was performed according to Frost et al. [36] with some modifications
using a serial broth microdilution method. The MICs of the EOs were tested without and
with the addition of 0.8 M sorbitol in 96-well plates. Sorbitol was dissolved in a double
strength broth and 100 μL was dispensed onto each well containing 100 μL EO at different
concentrations as previously prepared. Growth control (culture + broth + 0.8 M sorbitol)
and sterility controls were included on the same 96-well plates.

2.6. Leakage of Potassium and Magnesium Ions

The concentrations of potassium and magnesium ions were measured before and after
exposure of S. cerevisiae to LM, TPL and AM EOs using an atomic absorption spectropho-
tometer (contrAA, Analytik Jena AG, Jena, Germany) following the method of Prashar and
co-workers [37] with a few modifications. S. cerevisiae cell suspensions were obtained at
turbidity of OD540 = 2.0 in 5 mL of 0.1 M NaCl solution and samples were treated with
0.5% (v/v) EO for 0, 2, 4 and 6 h at 25 ◦C while shaking on an orbital shaker at a speed of
150 rpm. Positive control samples (yeast + NaCl) and negative control samples (oil + NaCl)
were exposed to the same conditions as the treated samples and measured at 0, 2, 4 and 6 h.
A solution of 0.1% (w/v) cesium chloride was used as an ion suppressant and depending
on the concentration of ions, samples were diluted 1:10 or 1:40 with the ion suppressant.
Acetylene was used as a fuel and wavelength measurement for potassium and magnesium
was set at 766.49 nm and 285.21 nm, respectively.

2.7. Synergy Checkerboard (Interactions between EOs)

The MIC was obtained by testing the EOs individually or in combination to determine
if their interaction is of synergistic, additive, indifferent or antagonistic nature, using the
checkerboard assay on a 96-well plate according to Zengin and Baysal [38]. The first
oil (component A) was dispensed vertically, and the second oil (component B) was dis-
pensed horizontally on the plate from highest to lowest concentration. The Fractional
Inhibitory Concentration Index (FICI) is the sum of Fractional Inhibitory Concentration
(FIC) of component A (FICA) and FIC of component B (FICB) and was determined based
on the following formula: FICA = MIC of component A in combination/MIC of compo-
nent A alone, FICB = MIC of component B in combination/MIC of component B alone,
FICI = (FICA + FICB). FICI was considered synergistic, additive, indifferent or antagonistic
when values were ≤0.5, 0.5 to ≤1, 1 to 4 or >4, respectively.

2.8. Fluorescence and Scanning Electron Microscopy

The morphological changes of S. cerevisiae cells treated with EOs were monitored
by fluorescence and scanning electron microscopy. An overnight culture suspension was
adjusted to 1 × 105 cfu/mL, pelleted by centrifugation at 2500× g rpm for 5 min and treated
with 0.5% oil for 2 h at 25 ◦C. The control group was treated the same way, except that
0.1 M phosphate buffered saline (Sigma P4417, Sigma-Aldrich, Castle Hill, NSW, Australia)
replaced the EOs. After the treatment, S. cerevisiae cells were harvested by centrifugation at
2500× g rpm for 5 min and washed twice with 0.1 M phosphate buffered saline.

2.9. Fluorescence Microscopy and Yeast Cell Staining

Two fluorescent dyes, DAPI (4′,6-diamidino-2-phenylindole) and SYTO 9 (Thermo
Fisher Scientific, Scoresby, VIC, Australia) were used to stain the yeast cells for fluorescence
microscopy [39]. S. cerevisiae cells were fixed in 4% paraformaldehyde for 1 h, harvested by
centrifugation at 2500× g rpm for 5 min and washed twice with 0.1 M phosphate buffered
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saline. DAPI (50 ng/mL) was mixed with the yeast cell suspension at a 1:1 (v/v) ratio.
SYTO 9 (5 mM) was mixed with the cell suspension at a 1:1000 (v/v) ratio. Cells were
allowed to stain in the dark at 25 ◦C for 15 min, then 8 μL were transferred to a microscope
glass slide and covered with a coverslip. Cells were observed with a Leica DM6000B
microscope using a 100× objective (Leica, Wetzlar, Germany). Images were captured with
a Leica DFC420C digital camera and Microsystem LAS AF6000 software (Leica).

2.10. Scanning Electron Microscopy

Yeast cells were initially fixed in glutaraldehyde and then in 1% osmium tetroxide.
Cells were dehydrated through a series of ethanol washes, transferred to coverslips coated
with 1 mg/mL poly-L-lysine, dried in a critical point dryer (Tousimis Research Corp.,
Rockville, MD, USA) and coated with gold according to the manufacturer’s instructions
using a sputter coater (Agar Scientific Ltd., Essex, UK). Images were captured with a JCM-
5000 NeoScopeTM Table Top scanning electron microscope (Jeol Neoscope/Australasia,
Frenchs Forest, NSW, Australia) at an accelerating voltage of 10 kV.

2.11. Gas Chromatography (GC)–Mass Spectrometry Analysis

EOs were analyzed for bioactive compounds as described by Chaliha et al. [40] with
slight modifications. A Trace GC Ultra system coupled with a DSQ mass spectrometer
(MS) (Thermo Fisher Scientific) was used. The bioactive compounds were separated by a
Factor Four capillary column VF-5 ms (30 m × 0.25 mm × 0.25 μm; Varian Inc., Palo Alto,
CA, USA) under the following conditions: sample injection volume of 1 μL; temperature
program, 1.5 min at 30 ◦C, increase to 200 ◦C at 10 ◦C/min intervals, 1 min at 200 ◦C, then
increase to 220 ◦C within 1 min, 2 min at 220 ◦C before returning to the initial setting;
helium was used as a carrier gas with a flow rate of 1.5 mL/min. Mass spectra were
recorded from 40–390 amu (atomic mass unit) with a scan time of 0.14 s.

2.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 7.00 (GraphPad, San
Diego, CA, USA) and figures were generated in Microsoft Excel (Microsoft Corp., Redmond,
WA, USA). Differences between treatment groups were evaluated using one-way ANOVA
followed by Tukey’s HSD test and p < 0.05 was considered significant.

3. Results

3.1. Antimicrobial Properties

The MICs, MFCs and MBCs of EOs and standard antibiotic drugs against yeasts
and bacteria are presented in Table 1. The EO of AM did not show antimicrobial activity
against the tested microorganisms below 2% (20 mg/mL). TPL and LM EOs demonstrated
a broad-spectrum of weak-acid resistant anti-yeast and antibacterial activity. The range of
anti-yeast and antibacterial MICs for TPL EO was 0.03–0.07 mg/mL and 0.22–0.42 mg/mL,
respectively, and 0.07–0.31 mg/mL and 0.83–1.67 mg/mL for LM EO. However, the MICs
of chloramphenicol against S. aureus and E. coli were 20.82 and 26.03 μg/mL, which
is considerably lower than the MICs of LM (0.83 and 1.67 mg/mL) and TPL (0.22 and
0.42 mg/mL) EOs. Overall, TPL and LM EOs demonstrated anti-yeast and antibacterial
activities, but were less potent than the standard antifungal agent, amphotericin B, and
standard antibacterial agent, chloramphenicol. TPL EO had a stronger anti-yeast activity
than LM EO, with MICs ranging from 0.03 to 0.07 mg/mL vs. 0.07 to 0.31 mg/mL.
Furthermore, the MICs of TPL EO were equal to the MFCs against C. albicans, S. cerevisiae,
R. mucilaginosa, R. glutinis, S. pombe, D. anomala and D. bruxellensis, but lower than the MFCs
against Z. rouxii, Z. bailii and C. krusei. In the experiments with LM EO, the MIC and MFC
was equal only for C. albicans and lower for all other yeasts (MIC < MFC).
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Table 1. Minimum inhibitory concentration, minimum fungicidal concentration and minimum bactericidal concentration of
Tasmanian pepper leaf and lemon myrtle essential oils, amphotericin B and chloramphenicol against bacteria and yeasts.

Microorganisms

TPL EO LM EO Amphotericin B Chloramphenicol

MIC
(mg/mL)

MBC/MFC
(mg/mL)

MIC
(mg/mL)

MBC/MFC
(mg/mL)

MIC
(μg/mL)

MFC
(μg/mL)

MIC
(μg/mL)

MBC
(μg/mL)

E. coli 0.42 ± 0.02 a 0.42 ± 0.02 1.67 ± 0.07 a 3.33 ± 0.14 NT NT 26.03 ± 1.81 b 52.08 ± 3.61

S. aureus 0.22 ± 0.01 a 0.30 ± 0.02 0.83 ± 0.04 a 0.83 ± 0.04 NT NT 20.82 ± 1.81 b 41.67 ± 3.61

Z. rouxii 0.05 ± 0.002 a 0.08 ± 0.01 0.31 ± 0.001 a 0.52 ± 0.02 5.20 ± 0.45 b 7.80 ± 0.001 NT NT

Z. bailii 0.07 ± 0.002 a 0.09 ± 0.01 0.26 ± 0.01 a 0.31 ± 0.001 13.02 ± 0.90 b 13.02 ± 0.90 NT NT

C. albicans 0.03 ± 0.001 a 0.03 ± 0.001 0.26 ± 0.01 a 0.26 ± 0.01 41.67 ± 3.61 b 52.08 ± 3.61 NT NT

S. cerevisiae 0.05 ± 0.003 a 0.05 ± 0.002 0.21 ± 0.01 a 0.26 ± 0.01 3.25 ± 0.23 b 7.80 ± 0.001 NT NT

R. mucilaginosa 0.05 ± 0.003 a 0.05 ± 0.003 0.21 ± 0.01 a 0.42 ± 0.02 3.25 ± 0.23 b 6.50 ± 0.45 NT NT

C. krusei 0.03 ± 0.001 a 0.04 ± 0.001 0.21 ± 0.01 a 0.26 ± 0.01 3.25 ± 0.23 b 3.90 ± 0.45 NT NT

R. glutinis 0.03 ± 0.001 a 0.03 ± 0.001 0.21 ± 0.01 a 0.37 ± 0.02 2.60 ± 0.23 b 5.21 ± 0.45 NT NT

S. pombe 0.07 ± 0.008 a 0.07 ± 0.008 0.16 ± 0.001 a 0.21 ± 0.01 2.60 ± 0.23 b 6.50 ± 0.45 NT NT

D. anomala 0.03 ± 0.001 a 0.03 ± 0.001 0.11 ± 0.01 a 0.13 ± 0.005 2.93 ± 0.34 b 3.90 ± 0.001 NT NT

D. bruxellensis 0.03 ± 0.001 a 0.03 ± 0.001 0.07 ± 0.002 a 0.11 ± 0.004 13.02 ± 0.90 b 13.02 ± 0.90 NT NT

Data are means ± SD (n = 3). Results for anise myrtle are not shown due to the lack of inhibitory activity below 20 mg/mL. NT: not tested.
Minimum inhibitory concentration (MIC) values between treatments sharing different letters (a, b) are significantly (p < 0.05) different in
each row. Minimum fungicidal concentration (MFC), minimum bactericidal concentration (MBC).

3.2. Effect of Ergosterol on Yeast Cell Membranes

The ergosterol binding assay was performed to examine if the EOs of LM and TPL
are binding to the sterol (ergosterol) of the yeast plasma membrane. The affinity of EOs
for ergosterol can be determined by comparing the MICs of EOs against yeasts in the
absence or presence of exogenous ergosterol. If the EOs bind to ergosterol, they will readily
form a complex and prevent the membrane from utilizing or interacting with them. The
changes in the MICs of TPL and LM EOs against yeasts after adding ergosterol at different
concentrations (0, 25, 50 and 100 μg/mL) are presented in Figures 1 and 2. Increasing the
exogenous ergosterol concentrations resulted in increased MICs for both EOs. The calcu-
lated correlation coefficient for LM EO (R2 = 0.771–0.996) and TPL EO (R2 = 0.771–0.986)
showed a positive correlation between the added ergosterol concentrations and increased
MICs, indicating a significant binding activity between the EOs and the added ergosterol
(Table 2).

Figure 1. Changes in minimum inhibitory concentrations of lemon myrtle essential oil against
yeasts in the absence and presence of exogenous ergosterol at different concentrations (comparative
presentation). Data are means ± SD (n = 3).
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Figure 2. Changes in minimum inhibitory concentrations of Tasmanian pepper leaf essential oil
against yeasts in the absence and presence of exogenous ergosterol at different concentrations
(comparative presentation). Data are means ± SD (n = 3).

Table 2. Correlations between the added ergosterol (0–100 μg/mL) and corresponding minimum inhibitory concentrations
of Tasmanian pepper leaf and lemon myrtle essential oils against yeasts.

S. pombe C.
albicans Z. rouxii Z. bailii C. Krusei S.

cerevisiae
D.

anomala
D.

bruxellensis

TPL EO and
ergosterol R2 0.986 ** 0.771 ns 0.861 ns 0.771 ns 0.910 * 0.938 * 0.771 ns 0.910 *

LM EO and
ergosterol R2 0.986 ** 0.916 * 0.940 * 0.918 * 0.933 * 0.996 ** 0.771 ns 0.914 *

Values marked with an asterisk (*) indicate a correlation coefficient (R2) significant at p value < 0.05 and with double asterisk (**) at p value
< 0.01. Values marked with the letters (ns) indicate a non-significant correlation coefficient (R2) at p value > 0.05. Correlations determined
based on changes in minimum inhibitory concentrations of Tasmanian pepper leaf (TPL) and lemon myrtle (LM) essential oils (EOs) when
mixed with different exogenous ergosterol concentrations of 0, 25, 50 and 100 μg/mL.

3.3. Effect of Sorbitol on Yeast Cell Wall

The MICs of LM and TPL EOs against yeasts did not change after the addition of
sorbitol to the growth medium, indicating that both EOs did not affect the yeast cell wall
(data not shown).

3.4. Quantification of Cellular Potassium and Magnesium Ions

Penetration and disruption of the yeast cell membrane by EOs will destroy the cellular
lipid bilayer structure and increase membrane fluidity and permeability, which leads to
ion leakage. The leakage of potassium and magnesium ions from S. cerevisiae cells after 0,
2, 4 and 6 h of exposure to TPL, LM and AM EOs are shown in Figure 3. The EOs of TPL
and LM induced a significant (p < 0.05) leakage of potassium and magnesium ions from
S. cerevisiae cells in a time-dependent manner. In contrast, AM EO caused only a slight
non-significant (p > 0.05) leakage of potassium ions and did not affect the magnesium
ions during the 6 h treatment period compared to the untreated control. Furthermore,
the release of potassium ions from S. cerevisiae cells was considerably higher than that of
magnesium ions. Overall, the observed significant leakage of potassium and magnesium
ions from S. cerevisiae cells after the treatment with TPL and LM EOs indicate that both EOs
interact with or damage the cytoplasmic membrane affecting its permeability for specific
ions.

133



Appl. Sci. 2021, 11, 10670

Figure 3. Leakage of potassium (A) and magnesium (B) ions from S. cerevisiae cells treated with anise
myrtle, lemon myrtle and Tasmanian pepper leaf essential oils (0.5%, v/v) for 0, 2, 4 and 6 h. Data
are means ± SD (n = 3); means with different letters (a, b, c) in the same column are significantly
(p < 0.05) different.

3.5. Synergic Effects of EOs

The interactions between the EOs of TPL, LM and AM and their activity against
nine yeasts produced different results, ranging from antagonistic to synergistic effects,
depending on the EOs when combined at sub-inhibitory concentrations as well as the
yeast (Table 3). The strongest synergistic effect was found between LM/TPL EOs effective
against seven yeasts, followed by AM/TPL EOs effective against six yeasts and LM/AM
EOs only effective against R. mucilaginosa. None of the EO combinations had an effect
against D. anomala.
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3.6. Microscopy of Yeast Cell Structure (Untreated and Treated)

The untreated S. cerevisiae cells showed a normal oval-shaped cell structure with
smooth and intact cell membranes without any signs of damage (Figure 4A,B and Figure 5A).
Cells exposed to AM EO (Figure 5B) did not show any visible membrane damage, whereas
cells exposed to LM EO (Figure 4C,D and Figure 5C) and TPL EO (Figure 4E,F and
Figure 5D) had a deformed and disrupted cell structure that appeared swollen and ex-
panded in size due to damage and lysis of the cell membrane. The organelles of untreated
cells (Figure 4A,B) can be clearly seen within the cells’ boundary, whereas organelles of
damaged cells could not be seen within the cells due to their leakage through the disrupted
membrane. The leaked organelles were visible outside the membrane-damaged cells in the
bright-field microscopic images (Figure 4D,F). The scanning electron microscope produced
detailed 3D images of pore formation on the membranes of cells exposed to LM (Figure 5C)
and TPL (Figure 5D) EOs. Furthermore, the damaged cells had a wrinkled and uneven
membrane with a larger round-shaped appearance compared to the untreated cells.
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Figure 4. Fluorescence and bright-field electron microscopic images of untreated S. cerevisiae cells
(A,B), and S. cerevisiae cells treated with essential oils from lemon myrtle (C,D) and Tasmanian pepper
leaf (E,F).
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Figure 5. Scanning electron microscopic images of untreated S. cerevisiae cells (A), and S. cerevisiae
cells treated with 0.5% (v/v) essential oils from anise myrtle (B), lemon myrtle (C) and Tasmanian
pepper leaf (D).

3.7. Identification of the Main Bioactive Compounds in the Studied Eos

The following compounds could be identified as the main ‘bioactives’ in the three
Eos by GC–MS (qualitative analysis only): anethole (11.70 min) and methyl chavicol
(10.11 min) in AM EO (Figure 6A), polygodial (20.03) and guaiol (18.26 min) in TPL EO
(Figure 6B), and neral (Z-isomer of citral; 10.84 min) and geranial (E-isomer of citral;
11.30 min) in LM EO (Figure 6C). Full chemical composition tests had been previously
reported for commercially produced Eos of AM, TPL and LM and the results confirm
our findings for the major identified bioactive compounds [18,22,31,33]. There are two
chemotypes of AM that contain the same compounds but at different ratios, especially
between anethole and its isomer methyl chavicol. The first chemotype of AM EO consists
of anethole (94.97%), methyl chavicol (4.43%), α-pinene (0.09%), 1,8-Cineole (0.02%) and
α-farnesene (0.07%), and the second chemotype of AM EO has methyl chavicol (77.54%),
anethol (19.95%), 1,8-Cineole (0.80%), α-pinene (0.40%) and α-farnesene (0.11%) [31,33].
C (C10H12O) and its isomer methyl chavicol (estragole) are phenylpropane aromatic com-
pounds which were reported to possess antibacterial and antifungal properties [20,41–47].
Our findings showed that the two major compounds in AM EO are similar to the first
chemotype where anethole being the major component followed by its isomer methyl
chavicol. A full chemical profiling of TPL EO showed the following sesquiterpene (C15H24)
compounds: polygodial (36.74%), guaiol (4.46%), calamenene (3.42%), spathulenol (1.94%),
drimenol (1.91%), cadina-1,4-diene (1.58%), 5-hydroxycalamenene (1.47%) bicyclogerma-
crene (1.15%), α-cubebene (0.88%), β-caryophyllene (0.87%), α-copaene (0.48%), cadalene
(0.44%), d-cadinol (0.40%), elemol (0.39%), T-muurolol (0.39%), germacrene-D (0.33%), and
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other sesquiterpenes compounds at levels below 0.16%, camphene, α-gurjunene, and β-
cubebene [22]. Our results of GC–MS qualitative analysis were in agreement with Menary
et al. [22] in which polygodial was the main compound in TPL EO followed by guaiol.
Despite the fact that TPL EO contains some miner compounds in addition to its major
constituent polygodial, most reports suggest that polygodial is the main contributor to the
antibacterial and antifungal properties [18–20,23,48–54]. Plant Eos often contain several
compounds where the antimicrobial activity arises from their major component; however,
the minor compounds could form a complex synergistic interaction with the major com-
pound, enhancing its antimicrobial action [55–57]. Previous chemical investigations reveal
that LM EO predominantly (82–91%) consists of citral (C10H16O) which is a monoterpene
aldehyde that exists in two isomers geranial (E-isomer or citral A) and neral (Z-isomer
or citral B) [30,58]. According to three separate chemical profiling investigations of LM,
EO showed the following constituents: geranial (45–49%), neral (37–42%), 5-Hepten-2-
one,6-methyl (1.54–13.82%), 2,3-Dehydro-1,8-cineole (3.52%), nerol (2.66%), Germacrene B
(0.2–2.18%), geraniol (0.8–1.26%), linalool (0.5–5.85%), myrcene (0.4–4.39%), and citronellal
(0.25–2.19%) [30,59,60]. Our study showed the two major compounds in the tested LM EO
are geranial and neral which is supported by the results reported by Forbes-Smith and
Paton [30], Southwell et al. [59], and Pengelly [60]. The two major compounds geranial and
neral (citral) contribute to the antimicrobial and antifungal activities in LM EO.

 

 

 

Figure 6. GC–MS chromatograms of anise myrtle (A), Tasmanian pepper leaf (B) and lemon myrtle
(C) essential oils showing their main bioactive compounds.

4. Discussion

The EO of AM showed no antimicrobial activity against the tested microorganisms
below 20 mg/mL. Brophy and Boland [33] reported that the EO of AM can occur in two
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different chemotypes having the same chemical composition but at different concentra-
tions: chemotype 1 contained anethole as the main bioactive compound with a relative
concentration of 93 to 95% and methyl chavicol between 4.4 and 5.6%, whereas chemotype
2 contained methyl chavicol as the main bioactive compound (66 to 77%) and anethole
as the minor one (20 to 33%). The bioactive compound profile of AM EO in the present
study is similar to chemotype 1 reported by Brophy and Boland, with anethole as the
main bioactive compound followed by methyl chavicol at a much lower level. Wilkinson
and Cavanagh [61] evaluated the antimicrobial activity of two AM EO samples: the first
sample showed no activity against E. coli and C. albicans, while the second sample had
an inhibitory effect against E. coli, S. aureus and C. albicans. In addition, a study by Hood
et al. [62] reported antimicrobial activity of AM EO against E. coli and S. aureus, whereas
Nirmal et al. [63] could not observe any activity against these bacteria. The controversial
findings using AM EOs as an antimicrobial agent (effective vs. non-effective) are most
likely caused by the reported significant variation in the content and ratio of anethole and
methyl chavicol.

In contrast to the AM EOs, four different types of LM EOs studied by Wilkinson
et al. [64] showed all a strong antibacterial and antifungal activity, which was positively
correlated with citral, the main bioactive compound in these four EOs. Unlike the standard
antibiotic drugs which possess either an antifungal or antibacterial effect, the tested EOs of
LM and TPL had both antibacterial and anti(weak-acid resistant)-yeast activity. Polygodial,
the main bioactive compound in TPL EO, was previously reported [65] to possess a stronger
antifungal activity than the standard antifungal drug amphotericin B and also showed
synergistic effects with antimicrobial drugs [53]. A study by Sultanbawa et al. [66] evaluated
the inhibitory activity of LM EO and reported MICs of 0.313% against E. coli and 0.156%
against S. aureus (complete inhibition after 22 h). In the present study, LM EO completely
inhibited the growth of E. coli and S. aureus after 24 h at MBCs of 0.167% (1.67 mg/mL) for
E. coli and 0.083% (0.83 mg/mL) for S. aureus. Both studies revealed that Gram-positive
bacteria were more susceptible to LM EOs than Gram-negative bacteria. Interestingly,
the bacterial inhibition concentration of LM EO that prevented the growth of E. coli in
the present study was almost the same as that reported by Sultanbawa et al. [66] (0.333
vs. 0.313%). Overall, the results of both studies can be used to establish an effective
concentration range for LM EO against E. coli.

Furthermore, the MICs in the present study were similar to the MBCs/MFCs of TPL
EO against D. bruxellensis, D. anomala, S. pombe, R. glutinis, S. cerevisiae, C. albicans and
E. coli and for LM EO against C. albicans and S. aureus, which clearly indicates that both
EOs exhibited a biocidal activity at their MIC levels. The pronounced biocidal activity of
TPL EO against bacteria and yeasts, observed in the present study and many other stud-
ies, was attributed to polygodial, the main bioactive compound in TPL EO [20,21,48–54].
However, similar bactericidal and fungicidal properties have also been reported for LM
EO and its main bioactive compound citral [60,64,66–72]. It should be mentioned that
most available antifungal drugs possess only fungistatic activity and there is an increas-
ing fungal resistance toward these drugs. Therefore, EOs from TPL and LM may offer
an alternative strategy to tackle food spoilage offering both fungicidal and bactericidal
activity [20,21,49–54,63,68–71,73–76].

The fluorescence and scanning electron microscopic images of yeast cells treated with
TPL and LM EOs revealed the fungicidal “mode of action” of these two EOs. Polygodial
and citral have been reported to cause structural disruption of cell membranes, increase
membrane permeability, and form channels or lesions in cytoplasmic membranes, causing
leakage of intracellular components and finally cell death [53,54,77]. The observed yeast cell
death in the present study was caused by multiple effects: cell membrane lysis, membrane
pore formation and cell content leakage.

However, the addition of exogenous ergosterol had a diminishing effect on the antimi-
crobial activity of TPL and LM EOs against yeasts, resulting in increased MICs. Interactions
between ergosterol and both EOs could be shown in the ergosterol binding assay. This
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interaction(s) can be described best as the binding of EOs (and their bioactive compounds)
to ergosterol and thereby inhibiting or diminishing its crucial biological function in the cell
membrane. Ergosterol is the main sterol component of fungal cell membranes and respon-
sible for membrane rigidity, fluidity and permeability, contributing to the functionality of
membrane bound enzymes and transporters [78]. Furthermore, the binding of (bioactive)
compounds to ergosterol in yeast cell membranes is also affecting the integrity and fluidity
of the membrane and can form microspores or channels where ions and cell content can
leak through, eventually resulting in cell death. The mechanism of “killing” fungal cells by
binding to ergosterol in the cell membrane has also been reported for other EOs and their
bioactive compounds, such as thymol from Thymus vulgaris, carvacrol, geraniol, nerol and
Coriandrum sativum leaf oil [35,79–81].

The sorbitol osmotic protection assay was performed to test potential effects of TPL
and LM EOs on the integrity of the yeast cell wall. Increased MICs after the addition of
sorbitol (0.8 M) indicate an interaction between the EOs and the fungal cell wall. However,
the MICs of TPL and LM EOs did not change after the addition of exogenous sorbitol to the
test media which is a clear indication that the yeast cell wall was not affected by these two
EOs. Our findings agree with literature reports about unchanged MICs of geraniol, thymol,
nerol, eugenol, menthol and terpinen-4-ol after the addition of 0.8 M sorbitol [80,82–84].

5. Conclusions

The present study could clearly demonstrate the antifungal activity of Australian
native TPL and LM EOs against yeasts that are resistant to weak-acid preservatives and
commonly cause serious spoilage problems for the beverage industry. Based on their
“anti-yeast” effects, these EOs have the potential to be used as natural preservatives that
could substitute, partly or totally, their synthetic counterparts in combating the increasing
hazards of resistant yeasts to protect both the food industry and consumers.
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Abstract: The use of antibiotic growth promoters (AGP) in poultry production not only promotes
the emergence of pathogenic multi-drug resistant bacteria, but it also compromises product quality,
threatens animal and human health, and pollutes the environment. However, the complete with-
drawal of AGP without alternatives could result in uncontrollable disease outbreaks that would
jeopardize large-scale poultry intensification. Thus, the use of phytogenic products as potential
alternatives to in-feed AGP has attracted worldwide research interest. These phytogenic products
contain numerous biologically active substances with antioxidant and antimicrobial activities that
can enhance poultry health, growth performance, and meat quality characteristics. In addition, the
incorporation of phytogenic products as feed additives in poultry diets could result in the production
of high-quality, drug-free, and organic poultry products that are safe for human consumption. Thus,
this review examines the current evidence on the antioxidant and antimicrobial properties of a selec-
tion of phytogenic products, their effects on nutrient utilization, and physiological and meat quality
parameters in poultry. The paper also reviews the factors that could limit the utilization of phytogenic
products in poultry nutrition and proposes solutions that can deliver efficient and sustainable poultry
production systems for global food and nutrition security.

Keywords: antibiotic growth promoters; bioactive compounds; phytogenics; poultry; sustainability

1. Introduction

Poultry is a major contributor to human nutrition through the provision of high-
quality protein, lipids, and other nutrients. However, the future of the South African
poultry industry is faced with a lot of uncertainties and sustainability challenges owing
to the unsustainability and high market cost of some conventional feed ingredients, in-
cluding synthetic antibiotics. Thus, to deliver sustainable production systems, phytogenic
products can be used to enrich poultry diets with nutrients and bioactive compounds
(phytochemicals). These phytogenics are naturally endowed with a milieu of bioactive
chemicals that account for their antioxidant and antimicrobial activities in poultry. Most
of these phytochemicals are components of essential oils, which include carvacrol, cap-
saicin, cineole, cinnamaldehyde, eugenol, flavonoids, isoflavones, polyphenols, resveratrol,
thymol, and many others that are well known for their potent antioxidant and antimicro-
bial properties [1,2]. Consequently, dietary supplementation with plant essential oils or
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their botanical components has the potential to boost the birds’ antioxidant and antimi-
crobial systems, thus improving feed utilization, growth performance, and meat quality
and stability. Some studies have demonstrated positive effects of phytogenic products on
antioxidant systems that are critical for the protection of birds from the negative effects
of lipid peroxidation [3,4]. However, in a few instances, phytogenic feed additives have
been unable to prevent meat lipid peroxidation in chickens [5]. Another demonstrable
benefit of phytogenic bioactive compounds in poultry diets is their ability to improve
the quality and shelf-life of poultry meat through their ability to modify its fatty acid
composition [6,7]. The fatty acid composition of meat is an important quality parameter
in this era of prevalent non-communicable chronic metabolic diseases afflicting humanity
in southern Africa [8] and globally [4]. On the other hand, Puvača et al. [9] reported that
phytogenics used as natural antimicrobial growth promoters act as biochemical elements of
numerous pathways involved in growth, development, and health, where they participate
in the modulation of physiological and immunological processes in poultry. Through
these pathways, phytochemicals exhibit various antimicrobial activities [10]. This paper,
therefore, presents a review of the antioxidant and antimicrobial properties of phytogenic
products used in poultry production. It further presents an overview of selected plant
sources of beneficial compounds and their contribution to food and nutrition security and
sustainable poultry production. We also explore the challenges and possible solutions
surrounding their use in practical poultry diets. Unlike existing reviews on this topic,
this offering provides the reader with broader perspectives on the utility of phytogenics
as mitigators of contemporary economic, environmental, and social challenges that face
poultry producers. This review not only characterizes the beneficial compounds and their
modes of action but also addresses how they impact the entire poultry production chain
and associated sustainability hurdles.

2. Antioxidant Properties of Phytogenic Products Used in Poultry Production

Phytogenics are very rich in bioactive compounds with potent antioxidant properties
that can modulate the immune system, reduce oxidative stress, and thus improve growth
performance and meat quality [11]. Due to their ability to shield lipids and proteins,
antioxidants are frequently and effectively used as natural additives in poultry feed. They
are increasingly becoming popular as alternatives to synthetic antioxidant additives, such
as butylated hydroxytoluene and tocopheryl acetate. Their beneficial effects are mediated
through the improvement of the antioxidant status of poultry [12,13], including increasing
the activities and gene expression of antioxidant enzymes [3] whilst decreasing lipid
peroxidation [14]. In addition, the phytochemicals can modulate the antioxidant status
of poultry through their alteration of meat fatty acid composition from the saturated
(lauric, myristic, palmitic, and stearic acids) to the monounsaturated (e.g., oleic acid)
and polyunsaturated (PUFA) (long-chain) fatty acid lineages [4,7]. Saturated fatty acids
are undesirable in meat due to their association with hypercholesterolemia and other
chronic metabolic diseases in humans [4,7] whilst PUFAs, particularly omega-3 fatty acids,
are associated with good health [15]. Furthermore, some of the antioxidant bioactive
compounds in phytogenics, such as anthocyanins, polyphenols, retinol, and tocopherol,
have good pigmentation-imparting effects [16,17], with the potential to enhance meat
color. These compounds also have the potential to enhance meat stability by delaying the
oxidation of stored meat.

According to Dyshlyuk et al. [18], the antioxidant defense and immunity-boosting
qualities of dietary plant polyphenolics help maintain a balance between the generation of
free radicals and their neutralization by supporting the antioxidant system along the gut
lining. The significant antioxidant activity of polyphenolics is attributed to the presence of
hydroxyl groups, which function as hydrogen donors to surrogate radicals created during the
initial stage of lipid oxidation, thus delaying the generation of hydroxyl peroxide. Indeed, the
intake of phytogenic products in poultry results in an increase in serum antioxidant enzyme
activities and a decrease in the malondialdehyde level [15–18]. The antioxidant properties
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of phytogenic compounds, such as α-tocopheryl acetate or butylated hydroxytoluene, are
useful in the protection of dietary lipids from oxidative damages [19]. Plant oils containing
natural antioxidants contribute to the improved oxidative stability of meat and meat products
containing higher levels of polyunsaturated fatty acid. Accordingly, antioxidants in phytogenic
products have the potential to improve meat quality [16]. This is achieved when plant-derived
antioxidants scavenge excess oxygen free radicals and chelating metals [20] or by increasing
the activity of antioxidant enzymes, thereby reducing oxidative damage [21] in meat products.
Furthermore, the protective effects of most dietary phytochemicals are a result of multiple
distinct mechanisms [22], and hence, meat quality is affected by protecting muscle function in
a live animal body. In addition, phytochemicals have been shown to benefit animals in terms
of improved performance, meat quality [23], and an enhanced endogenous antioxidant system.
This is possibly done by directly affecting specific molecular targets or indirectly as stabilized
conjugates affecting metabolic pathways [24]. As a result, both external and endogenous
stimuli activate and deactivate critical events in intracellular relays, allowing proper signaling
to diverse downstream target molecules in a highly sophisticated manner to fine-tune cellular
homeostasis [25]. Thus, the use of these plant-derived phytochemicals (e.g., carvacrol, thymol,
catechins, quercetin, oregano, curcumin, and cinnamaldehyde) is regarded as an ingenious
strategy to adopt in livestock production as antioxidant agents for enhancing the antioxidant
capacity of the body and relieving oxidative stress, thus improving their growth performance
and meat quality [26]. The ability of phytoproducts to act as antioxidants is mostly attributed
to the existence of antioxidant compounds. However, their level mostly depends on the type
of plant [27] as well as the growth environment. Since the primary roles of polyphenols in the
plant relate to how it responds to challenging environmental conditions, Borguini et al. [28]
demonstrated a stronger antioxidant potential of plants produced in an organic system
compared to conventional ones.

3. Antimicrobial Properties of Phytogenic Products in Poultry

Although there is still much to learn about the mechanisms by which plant-derived
phytochemicals exert their antimicrobial effects on various microbial populations, on target
sites, in a feed matrix, and in the presence of other phytochemicals with opposing effects,
their antimicrobial effects in animal health and nutrition have been extensively studied.
Phytogenics are widely known for their ability to combat infections on a microbiological
level. Additionally, purging of the digestive tract helps reduce ATP or energy losses during
inflammation and immune responses, prevents diseases, promotes feed and nutrient diges-
tion, and enhances growth performance and production. Transit time, digestive secretions,
and the activity of digestive enzymes are some of the mechanisms known to affect gut func-
tion, and their combined effects have an impact on nutritional digestibility. Indeed, poultry
performance is directly correlated with gut health and function, which is influenced by
constant interactions amongst nutrition, intestinal integrity, gut flora, and the immune sys-
tem. A favorable enhancement of the eubiosis could be how phytogenic compounds might
selectively affect microorganisms. This leads to better utilization and absorption of nutri-
ents, resulting in higher performance. Numerous phytogenics have positive effects on the
digestive system, including spasmolytic, laxative, and antiflatulent properties. Phytogenics
have attracted a lot of attention because they contain a variety of beneficial compounds,
such as flavonoids and isoprene glucosinolate derivatives, which have antimicrobial prop-
erties. Lee et al. [29] showed that phytogenic compounds enhanced the intestinal activities
of trypsin, lipase, and amylase in broilers. At a dose of 0.6 mL/L, oregano and thyme
essential oils were found to have a bactericidal action on E. coli [30]. Mathis et al. [31]
showed that walnut leaves (Juglandaceae) slowed the spread of Clostridium perfrengens in
hens while improving weight gain. Likewise, pomegranate (Punica granatum) and green
tea (Camellia sinensis) products were shown to alter the intestinal microbiota by promoting
the proliferation of non-pathogenic bacteria in the digestive system [32]. Broilers fed di-
ets supplemented with the extract of green tea leaves and pomegranate rinds promoted
a greater relative abundance of lactic acid-producing bacteria [32]. The in vitro effectiveness
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of certain berry, date, and thyme extracts against chicken-derived E. coli and Salmonella
isolates was demonstrated in a 2009 study by Dhifi et al. [33]. Cinnamon extract, thyme,
and clove stimulated the digestive secretions of bile, mucus, and saliva and improved
enzyme activities, which are of great nutritional interest [34]. In addition, some oils ex-
tracted from plants positively influenced the activity of trypsin and amylase in chickens and
had a stimulatory effect on the intestinal mucus in chickens, maintaining an equilibrium
in the microflora present in their gut [35]. Oladeji et al. [36] claimed that phytogenics
significantly increased poultry production performance in terms of weight gain and the
feed conversion ratio. This improvement was attributed to the high nutrient availability
due to changes in the intestinal ecosystem, such as the increase in the population of lactic
acid-producing bacteria.

Lactic acid-producing bacteria have a positive impact on the lower gastrointestinal
tract by regulating the composition of intestinal microflora, promoting intestinal immunity,
and developing intestinal health. This could be the reason why several researchers have
concluded that phytogenic feed additives improve nutrient digestibility, growth perfor-
mance, and gut health in poultry [37]. Aksit et al. [38] reported earlier that phytogenics’
antibacterial effect may help to improve the carcass’s microbiological freshness. According
to Ganguly [39], the phytogenic growth promoter remains active throughout the gastroin-
testinal tract, where it exerts broad-spectrum antimicrobial action, improves broiler overall
growth performance, and further improves nutrient utilization by enhancing gastrointesti-
nal histomorphology and host immunity. Mohebodini et al. [40] reported that the inclusion
of resveratrol from grape by-products in broiler diets increased the levels of immunoglobu-
lin G (IgG) and immunoglobulin M (IgM). These antibodies provide specific immunity to
prevent the adhesion of pathogenic microbes and some viruses on the intestinal wall [41].
Therefore, a healthy gut composed of beneficial microbiota is very important for poultry
performance and welfare and can be achieved by incorporating phytogenic products into
their diet.

4. Selected Plant Sources of Antimicrobial and Antioxidant Compounds

4.1. Moringa oleifera

Moringa oleifera is a medium-sized perennial, evergreen, and deciduous tree from the
family Moringaceae that grows quickly in a variety of soil types and hot, humid, and dry
tropical and subtropical climates [42]. Out of the 13 species in this family, M. oleifera is the
most popular and widely utilized species [43]. Owing to its nutritional profile, M. oleifera is
prized globally for its contribution to the livestock industry and food and pharmaceutical
sectors [44]. M. oleifera is rich in essential nutrients, such as lipids, proteins, minerals, and
vitamins [45]. Reports have indicated that the leaves have the highest protein value (250 to
270 g/kg CP) [42], with some protein being available in the seeds, roots, and flowers [46].
Furthermore, M. oleifera is also a great source of well-balanced amino acids and vitamins, of
which the amount of vitamin A is about 10 times more than in carrots and pumpkins and
the amount of vitamin C is 7 times more than in oranges [47]. According to Mbikay [48],
moringa leaves contain vitamins A, B and B-Complexes, C (ascorbic acid), E (α-tocopherol),
K, and pro-vitamin A in the form of beta-carotene, along with minerals such as sulfur,
calcium, phosphorus, potassium, manganese, and iron. Moringa products are also rich in
monounsaturated fatty acids [45] and polyunsaturated fatty acids, such as linoleic acid,
α-linolenic acid, arachidic acid, stearic acid, oleic acid, and palmitic acids [49].

In addition, M. oleifera contains a myriad of phytochemicals, such as flavonols, quercetin,
apigenin, kaempferol, luteolin, myricetin glycosides, and polyphenols, which exhibit an-
tioxidant, antimicrobial, anticarcinogenic, anti-inflammatory, and medicinal activities [50,51].
However, the leaves also contain antinutritional substances, such as alkaloids, carotenoids,
glucosinolates, isothiocyanates, saponins, tocopherols, tannins, oxalates, phytates, trypsin
and amylase inhibitors, lectins, and cyanogenic glucosides [52], which may affect their utility
in poultry diets and induce different responses. For example, Kakengi et al. [53] found that
adding 10% and 20% M. oleifera leaf meal in place of sunflower seed meal enhanced feed
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intake and dry matter intake while lowering the egg mass output in laying hens. However,
Khan et al. [54] also reported that the inclusion of 1.2% M. oleifera leaf powder in broiler
feeds improved the intestinal microarchitecture and cellular count, which in turn promoted
gut health.

4.2. Lippia javanica

Lippia is a genus that belongs to the family Verbenaceae [55], which is distributed
in the tropics of Africa and South America [56]. There are more than 200 species in
the genus Lippia (Lamiales: Verbenaceae), many of which are aromatic [55]. According to
Viljoen et al. [57], Lippia javanica (Burm. f.) Spreng., often known as fever tea, is a peren-
nial, erect, woody shrub that is rich in nutrients and bioactive compounds. The plant
has been used to treat various ailments such as colds, cough, fever, influenza, malaria,
measles, rashes, stomach problems, and headaches [58]. Nutritionally, L. javanica possesses
varying amounts of essential nutrients, such as protein, fats, carbohydrates, minerals,
and vitamins [59]. It is a good source of cobalt, cadmium copper, chromium, iron, mag-
nesium, calcium, manganese, zinc, selenium, potassium, phosphorus, and lead [60,61].
Bio-compounds, such as caryophyllene, carvone, ipsenone, ipsdienone, limonene, linalool,
myrcene, myrcenone, ocimenone, p-cymene, piperitenone, sabinene, and tagetenone, are
abundant in the volatile oil of L. javanica [59]. L. javanica also contains alkaloids, amino
acids, flavonoids, iridoids, triterpenes, and other volatile and non-volatile secondary
metabolites. Furthermore, L. javanica contains phytochemicals, such as anthocyanins,
anthraquinones, coumarins, saponins, flavones, alkaloids, flavonoids, tannins, phenols,
cardiac glycosides [55], and phenylethanoid glycosides (isoverbascoside and verbasco-
side) [62]. From the essential oils extracted from L. javanica, Pascual et al. [63] reported the
presence of p-cymene, camphor, limonene, β-caryophyllene, linalool, α-pinene, thymol,
carvone, ipsenone, myrcenone, myrcene, piperitenone, caryophyllene, and tagetenone,
which give the plant antiseptic, antibacterial, and antiviral properties [64]. Varied results
have been reported from feeding trials involving L. javanica leaf meals depending on the
amount used and the bird species. For example, the inclusion of L. javanica in broiler diets
at a rate of 5 g/kg had positive effects on the growth performance, carcass characteristics,
and fatty acid profiles of broiler meat [65]. However, Mnisi et al. [66] reported that the
inclusion of L. javanica at a rate of 25 g/kg feed promoted similar growth performance,
health status, and carcass and meat quality traits as the commercial grower diet containing
antibiotics in Japanese quail.

4.3. Camellia sinensis

Camellia sinensis, commonly known as green tea, is an evergreen shrub that belongs to
the family Theaceae [67]. The Camellia genus comprises over 200 species, with a majority
being native and adapted to China [68]. The green tea plant is the most grown for its buds
and leaves, which are used to make tea [69]. Green tea leaves have a crude protein content
that ranges from 18.15 to 22.9% and metabolizable energy between 11.3 and 14.6 MJ/kg [70].
The leaves are rich in vitamins (A, C, E, K, and B complex), lipids (linolenic and linoleic
acids), pigments (carotenoids and chlorophyll), and minerals [71]. Green tea contains
beneficial compounds that have stress-reducing functions and antioxidant activities with
neurological effects and anti-inflammatory properties [72]. Its polyphenols account for up
to 35% of the dry weight of the leaves [73]. However, the majority of the antioxidants are
catechins, which make up about 10 to 20% of dry leaves. The major catechins identified in
the plant are (-)-epigallocatechin gallate, (-)-epicatechin (EC), (-)-epigallocatechin (EGC),
and (-)-epicatechin gallate (ECG) [63], which have potential health benefits [74].

Furthermore, it contains 26 different amino acids, alkaloids (caffeine, theobromine, and
theophylline), carotenoids, lipids, L-ascorbic acid, carbohydrates, methylxanthines, miner-
als, chlorophyll, saponins, organic compounds, and volatile organic compounds [74,75].
Other important bioactive compounds that have been isolated in the plant are flavonoids
such as kaempferol, myricetin, and quercetin, which account for 2–3% of the dry leaves [76].
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Mahlake et al. [77] indicated that replacing the antibiotic zinc-bacitracin with green tea leaf
powder in the diets of Jumbo quail boosted the overall feed intake but had no effect on
weight gain or feed conversion efficiency. Additionally, 10% aqueous green tea extract and
other antibiotics had comparable antibacterial effects on the antibiotic-resistant S. pyogenes,
P. mirabilis, and S. aureus species [78].

4.4. Allium sativum L.

Garlic (Allium sativum L.) is a bulbous plant that belongs to the Anaryllidaceae fam-
ily [79]. It is believed to have originated in Asia, although it is now utilized throughout
the world [80]. Garlic is globally used as a nutraceutical, containing carbohydrates, pro-
tein, amino acids, lipids, fiber, vitamins, minerals, organic acids, saponins, phenolic com-
pounds, and a large group of organo-sulfur compounds [81], along with phytochemicals
(saponins, tannins, alkaloids, and flavonoids) [82]. Additionally, garlic has enzymes, miner-
als, vitamins [83], and moderate sulfur content but little B vitamin [84]. Garlic bioactive
compounds are organosulfur compounds, which are responsible for its smell, flavor, and
antioxidant and medicinal properties [85]. Sulfur compounds, such as trisulfides, thio-
sulfinates, tetrathiol, sulfates, scordinine, pseudoscordinine, methyl sulfides, methionine,
glutathione, disulfides, dimethyl sulfides, diallyl sulfides, cystine, cysteine sulfoxides, cys-
teine, cycloalliin, allyl trisulfides, allyl sulfides, allyl disulfides, alliin, allicin (thiosulfonate),
and ajoene, have all been reported in garlic [80,86].

Other reported phytochemicals are flavonoids (flavones and quercetins) [87], phenolic
compounds, saponins, and sapogenines [88]. These bioactive compounds have antibacterial,
hypo-cholesterolemic, antioxidant, and growth-promoting qualities, which are beneficial to
livestock and poultry [83]. For example, the addition of 0.5 kg/ton garlic meal in diets as
an alternative to antibiotics promoted the high live weight in broilers [89]. According to
Eltazi et al. [90], supplementing a standard diet with 3% garlic powder promoted higher
body weight gain, higher feed intake, and an improved feed conversion ratio, along with
higher dressing and breast percentages in broilers.

4.5. Allium cepa

Allium cepa, commonly known as an onion, is a member of the Liliaceae family, which
is currently grown all over the world and has its roots in central Asia [91]. The onion is
an important source of nutritional components, such as proteins, carbohydrates, sugars
(arabinose, fructose, galactose, glucose), vitamins, lipids, minerals, and some flavonoids and
polyphenols components [92]. Onions are a rich source of vitamin A (β-carotenoid), vitamin
B (B1, B2, B3), vitamin E (α-tocopherols), and vitamin C (ascorbic acid) [93,94], which
exhibit antioxidant activities. They are also a good source of diverse dietary flavonoids,
phospholipids, and glycolipids, along with organosulfur compounds, such as allicin, alliin,
diallyl disulfide, S-methyl-L-cysteine S-oxide, propanethial S-oxide, and 3-mercapto-2-
methypentan-1-ol [95]. Furthermore, Metrani et al. [96] reported that onions contain
various sulfoxides, which include (+)-S-(1-propenyl)-L-cysteine sulfoxide, (+)-S-methyl-
L-cysteine sulfoxide, S-propyl-L-cysteine sulfoxide, S-methyl-L-cysteine sulfoxide, and
S-propenyl-L-cysteine sulfoxide, which exhibit antibacterial and antioxidant activities. In
addition, onion bulbs are said to be a good source of phytonutrients and antioxidants
due to the presence of organosulfur compounds, such as cysteine sulfoxides, quercetin,
quercetin glucosides, and allicin [97,98].

Onion bulbs’ saponins have been shown to have biological effects, including antifungal
and anti-inflammatory properties [97]. These substances stimulate the digestive and immune
systems, which in turn enhance growth performance and general health in birds [99]. It has
been claimed that onion extracts or powder used in drinking water or livestock feed have
both growth-promoting and anti-pathogenic properties [100]. The phytochemicals in onions
alter the gut flora and immune system and encourage the growth of colonic and mucosal
microflora, which function as a barrier to prevent microbes from entering the gastrointestinal
tract [101]. Aditya et al. [102] found that adding 5 or 7.5 g of onion to broiler diets increased
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the overall feed intake and body weight of the hens without affecting the feed conversion
ratio. Supplementing drinking water with up to 1% onion extracts during the starter and
grower periods increased the average daily feed without compromising broiler chickens’ feed
conversion ratio [100]. Muscovy ducks fed diets containing 1% onion meal had an enhanced
feed conversion ratio, live body weight, and weight gain [103]. Dosoky et al. [104] found that
Japanese quail hens fed diets with 800 g of dried onion per kg DM had increased body weight.

4.6. Mentha piperita

Peppermint (Mentha piperita) is a perennial herb that belongs to the Lamiaceae fam-
ily [105]. Mentha piperita is one of the most commonly used medicinal plants in the
world [106]. This is mainly because of the presence of phytochemicals that have anti-
inflammatory, anti-aging, antimicrobial, antioxidant, emmenagogue, antinociceptive, and
rubefacient properties [107]. Bio-compounds, such as proteins, carbohydrates, lipids, min-
erals, vitamins, alkaloids, saponins, glycosides, steroids, and tannins, have been extracted
from the plant [105,108]. Peppermint products have high concentrations of minerals, such
as P, K, Na, Ca, Mg, and Zn, and vitamins A, C, and E [105]. The leaves contain flavonoids
and phenolic acids, along with acetaldehyde, amyl alcohol, cadinene, caffeic acid, cardiac
glycosides, dimethyl sulfide, limonene, menthol, menthone, menthyl esters, phellandrene,
pinene, and pugelone [2,109], which have antioxidant and antimicrobial activities.

Furthermore, the plant contains mint oil, which is composed primarily of linoleic,
palmitic, and linolenic palmitic acid [110]. About 0.5 to 4% of the essential oils found in
peppermint leaves are composed of menthol (25–78%), menthone (14–36%), isomenthone
(1.5–10%), menthyl acetate (2.8–10%), and cineol (3.5–14%) [111]. Due to its bioactive
substances, peppermint is frequently used in the poultry industry to boost the immune
system, in addition to its potent antibacterial and antioxidant capabilities [112]. According
to Khempaka et al. [113], peppermint leaves had positive impacts on broiler ammonia
generation, abdominal fat deposition, and antioxidant activity. Early in a broiler’s life,
peppermint leaves are effective at promoting growth [114]. When added to broiler diets in
various concentrations (0, 5, 10, or 15 g/kg), peppermint leaves significantly boosted their
body weight and daily body weight gain compared to a control diet [115].

4.7. Aloe vera

Aloe vera is one of over 420 species in the genus Aloe, which has been variously catego-
rized as belonging to the Asphodelaceae, Liliaceae, or Aloaceae families [116]. It is a succulent,
perennial xerophyte with thick, fleshy, pointed leaves that cluster at the stem. Aloe vera
is ubiquitous in components with biological activity, such as polysaccharides, phenolic
compounds, minerals, water- and lipid-soluble vitamins, organic acids, and lipids [117].
It is made up of 96% water and 4% dry matter, containing protein, fat, dietary fiber, and
75 other biologically active compounds [118,119]. Anthraquinones, saccharides, vitamins,
enzymes, and low-molecular-weight compounds are the main components of A. vera and
are responsible for its anti-inflammatory, immunomodulatory, wound-healing, antibacterial,
antiviral, antifungal, anti-tumor, anti-diabetic, and antioxidant properties [120].

In addition, other phytochemicals, such as alkaloids, anthraquinones, anthrones,
chromones, coumarins, flavonoids, lignin, naphthalene, saponins, sterols, pyrans, and
pyrones, have been isolated from the plants of the genus [121]. In poultry nutrition,
the incorporation (1.5, 2, 2.5%) of A. vera gel in broiler feed reduced the Escherichia coli
count [122]. Similarly, Dai et al. [123] found that A. vera products increased Lactobacillus spp.
and Bifidobacteria while decreasing the amount of E. coli. In another study, Darabighane
and Zarei [124] reported improved feed utilization efficiency upon adding 1.5%, 2%, and
2.5% of A. vera gel to the diet of broilers with coccidiosis. The authors stated that this could
be attributed to the potential of A. vera to enhance the intestinal health and immune system
response in the birds.
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4.8. Seaweeds

Seaweeds are macroalgae that grow in the littoral zone of aquatic systems. They
consist of green (Chlorophyceae), red (Rhodophyta), and brown (Phaeophyceae) algae. There are
10,100 different kinds of seaweeds that have been identified worldwide. Seaweeds can be
found in all types of marine settings; hence, their nutritional value varies greatly depending
on the species, habitat, geographical origin, production region, season, harvest time, envi-
ronmental and physiological fluctuations, and water temperature [125]. Seaweeds contain
polysaccharides, proteins, amino acids, minerals, vitamins, and antioxidant chemicals [125].
Stengel et al. [126], reported that seaweeds are a rich source of bioactive compounds, such
as polyphenols, which have antioxidant and antimicrobial properties and thus, can be used
as a nutraceutical additive in poultry production [127].

Choi et al. [128] demonstrated that adding seaweed supplements at a rate of 5 g/kg
improved the feed conversion efficiency. According to Abudabos et al. [129], adding seaweed
to broiler diets improved the quality of the meat by reducing the number of microorganisms
in the digestive tract and boosting immunological function. Nhlane et al. [130] investigated
the impact of green seaweed (Ulva sp.) meal on native chickens and found that its dietary
addition boosted native chickens’ feed intake and overall body weight gain but not their
ability to convert feed into energy. Broiler hens supplemented with green seaweed at doses
of 10 or 30 g/kg did not alter the growth or feed efficiency; however, birds given the higher
dose (30 g/kg) showed increased dressing percentage and breast muscle yield compared to
those given the control or 10 g/kg dose [131]. In another study, the inclusion of seaweed
up to 150 g/kg in the diets of ducks had no negative impacts on the growth rate or carcass
quality [132].

5. Contribution of Phytogenics to Environmental Health and Food Security

Food security has four dimensions, including (1) availability—national, (2) accessibility
—household, (3) utilization—individual, and (4) stability. To achieve full food security, all
four dimensions must be intact [133], which is still a major challenge in most low- and
middle-income countries (LMICs). Rapid human population growth, poverty, the COVID-
19 pandemic, and climate change, with its concomitant recurrent droughts [134], are among
the major factors that exacerbate food insecurity. Ironically, over 80% of households in
Sub-Saharan Africa (SSA) practice poultry farming with predominantly indigenous poultry
breeds [135]. However, they have not yet been sufficiently exploited to alleviate food
insecurity. This current scenario, therefore, provides an opportunity to explore sustainable
strategies to ensure poultry intensification in the sub-continent. To meet the increasing
global demand for nutritious food, the poultry industry, which contributed 40.6% of total
meat production (337.3 million tons) in 2020 [136], must be sustainably intensified.

However, poultry intensification raises significant concerns about environmental
sustainability. This is because intensive poultry production depends on external inputs,
primarily comprising monoculturally produced feed ingredients such as maize and soy-
bean, whose production is associated with serious environmental impact issues, including
climate change, deforestation, and loss of biodiversity [137]. In addition, broiler chickens
excrete enormous amounts of unutilized nitrogen and phosphorus into the environment
annually, which, if mismanaged, leads to environmental manure [138], atmospheric ammo-
nia pollution [139], and eutrophication and its induction of aquatic hypoxia and harmful
algal blooms [140]. Thus, improved nutrient utilization efficiency in birds consuming diets
with phytogenic products could have positive environmental consequences by reducing
the nutrient pollution of poultry wastes. Furthermore, the use of phytogenic plants as
feed additives results in improvements in protein digestibility, which further leads to the
greater utilization of dietary amino acids and a reduction in the excretion of nitrogenous
compounds [141]. As a result, the use of phytogenic feed additives lowers the emissions
from poultry production. In addition, the anti-microbial effects of phytogenic feed additives
result in lower ammonia release. This is achieved by a reduction of Gram-negative bacteria
and an increase in the beneficial bacterial activities in the hindgut of poultry, leading to
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increased formation of volatile fatty acids in excreta, a lower slurry pH, and consequently,
the reduction of ammonia emissions [142].

In addition, the usage of antibiotics in intensified poultry farms can accelerate the
spread of antibiotic resistance genes in the environment [9,10,142,143]. Therefore, sustain-
able poultry intensification could be a strategy to enhance food security, particularly in SSA,
without causing catastrophic damage to the ecosystem, such as the feeding of phytogenic
feed additives. The use of phytogenic compounds could provide a more environmentally
friendly, lower-cost solution for improving food and nutrition security while also bene-
fiting poultry consumers’ health. This will, in turn, meet the demand for animal protein
and, ultimately, reduce hunger and food insecurity, even in low-income countries. This
would also ensure that consumers have access to healthy poultry products that are free
of antibiotic residues, and as such, comply with the goal of achieving good health and
well-being. The antimicrobial properties of these phytogenics could also reduce the amount
of carbon and methane that is released into the environment, which could contribute to the
goal of combatting climate change. Moreover, phytogenics have probiotic, prebiotic, and
antibiotic activities that can reduce pathogenic bacterial infections and help reduce disease
outbreaks, thus promoting food safety. This is very important, given that most of the recent
pandemics have been of animal origin [144].

6. Anti-Nutritional Factors as Constraints to the Use of Phytogenics in
Poultry Nutrition

The incorporation of phytogenic products in poultry diets is known to improve the
performance and health of birds, but their widespread adoption could be limited by the
presence of anti-nutritional factors (ANFs) (Table 1). Anti-nutritional factors have been
reported to reduce nutrient utilization or feed intake when included in animal feeds [145].
Several studies have reported the toxicological effects of ANFs in poultry [146,147]. For
example, phytates, tannins, and phytosterols in M. oleifera reduced weight gain in Arbor
Acres broiler chickens by reducing the digestibility of amino acids [148]. In addition,
reductions in crude protein digestibility, metabolizable energy utilization, feed intake,
weight gain, and feed conversion efficiency were observed in broilers fed a diet with
cassava pellets containing cyanogenic glycosides in place of maize [149,150]. Feed intake,
weight gain, and carcass traits were reduced in chickens fed a diet containing 40 g/kg
of polyphenol-rich C. sinensis [151]. Hassan [152] observed poor growth in broiler chicks
fed 3 g saponins/kg diet due to a depressed feed intake. Farhadi et al. [153] reported that
tannins from eucalyptus leaf powder reduced body weight and the overall feed conversion
ratio in broilers because tannins bind proteins and form indigestible complexes. With
phytogenics used as whole plant parts, it was shown that the high fiber content reduced the
performance of the birds by increasing the passage rate [154]. Similarly, Nduku et al. [155]
found that feeding one-week-old broiler chicks a diet containing M. oleifera high in fiber
reduced the daily weight gain and impaired the feed conversion ratio. This is because
simple non-ruminants such as chickens have a limited capacity to utilize high-fiber diets
due to a lack of microbial digestive enzymes.

Table 1. Anti-nutritional factors present in selected plants used in poultry diets.

Phytogenics Anti-Nutritional Factors References

Moringa Tannins, oxalates, phytate, saponins, cyanogenic glycosides, alkaloids, flavonoids [156]
Lippia Tannins, oxalates, saponins, phytate, alkaloids [157]
Camellia sinensis Flavonoids, phenolics [158]
Garlic Alkaloids, tannins, saponins [159]
Onion Alkaloids, tannins, flavonoids, total phenolics [159]
Peppermint Alkaloids, saponins, glycosides, tannins, flavonoids [108]
Aloe Flavonoids, tannins, alkaloids [160]
Artemisia afra Flavonoids, alkaloids, phenolic acids, lignans, proanthocynidins [161]
Carpobrotus edulis Saponins, flavonoids, alkaloids, cyanogenic glycosides, tannins [162]
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Table 1. Cont.

Phytogenics Anti-Nutritional Factors References

Eucalyptus Tannins, phytate, oxalates, saponins [163]
Seaweeds Flavonoids, phlorotannins [164]

7. Amelioration of Antinutritional Effects in Poultry Consuming Phytogenics

As aforementioned, the utility of phytogenics is hindered by the presence of ANFs, which
could be ameliorated using a variety of techniques. Solid-state fermentation, alkali treatments,
tannin-binding agents, thermal processes, exogenous feed enzymes, and plant breeding are
some of the strategies that can be used to ameliorate ANFs. Solid-state fermentation (SSF) is
a process that takes place in a solid matrix in the absence or near absence of free water with
the aid of the metabolic activity of microorganisms [165]. When fermenting phytogenics to
reduce ANFs, it is also important to use microorganisms, such as lactic acid bacteria, that will
promote beneficial intestinal microbiota while acting against pathogenic enteric microbes [166].
Microbial activity during SSF can reduce the levels of ANFs in potential phytogenic substrates.
Indeed, Olukomaiya et al. [167] reported a significant reduction in the phytic acid content
in fermented lupins flour using Aspergillus sojae and A. ficuum. Similarly, Shi et al. [168]
reported a reduction in the concentrations of crude fiber, tannins, hemicellulose, and phytate
in fermented M. oleifera inoculated with A. niger, Candida utilis, and Bacillus subtilis at a ratio
of 1:1:2. Similarly, M. oliefera seed flour was reported to have reduced tannin, phytic, phenol,
flavonoid, saponin, and alkaloid contents after fermentation and germination processes
compared to unprocessed flour [169].

Thermal processing is also an effective means of inactivating thermo-labile ANFs in
phytogenic products [170]. Heat-based methods include autoclaving, pressure cooking,
microwaving, extrusion cooking, and toasting. Batista et al. [171] reported that auto-
claving reduced the contents of trypsin and α-amylase inhibitors and resistant starch in
Phaseolus vulgaris. Toasting the seeds from Senna obtusifolia at 80 ◦C for one hour signifi-
cantly lowered the hemagglutinin, phytate, oxalate, saponin, and tannin contents [172].
Thermal application has been shown to partially hydrolyze tannic acid and release gallic
acid molecules, and these newly produced gallic acid and galloyl groups had enhanced
antimicrobial and antioxidant effects compared to fresh tannic acid [172]. Moreover, boiling,
steaming, stir-frying, and roasting were reported to decrease the total polyphenols contents
of Capsicum annuum L. [173].

Exogenous enzymes have the potential to improve the utility of phytogenics for sus-
tainable poultry production [174]. Proteases and carbohydrases (xylanases and cellulases)
are exogenous enzymes commonly used in poultry feeds. Costa et al. [175] successfully
used exogenous ulvan lyase to boost the meat nutritional value of birds by feeding them
Ulva lactuca supplemented with carbohydrases. Abou-Arab and Abu-Salem [176] treated
Jatropha curcas seeds with sodium bicarbonate (NaHCO3) and sodium hydroxide (NaOH)
and successfully inactivated the phytic acid, trypsin inhibitors, total phenols, and saponins.
This review shows that ANFs in phytogenic products could hinder their utility as sources
of beneficial bioactive compounds. However, there are several methods that could be used
to reduce the ANF content of phytogenic products and improve their utilization in poultry
nutrition. Nonetheless, factors such as costs and the ease of application often guide the
preferable processing method of farmers.

8. Prospects and Conclusions

The use of phytogenic products as functional feed ingredients in poultry diets could
allow for AGP-free large-scale sustainable production of poultry products in the agro-food
value chain. This paper presents evidence that the incorporation of phytogenic products
in poultry diets can boost feed utilization efficiency, reduce feed-food competition, and
enhance their contribution to eradicating hunger and food insecurity. However, there
is also evidence that their utilization can be limited by the presence of plant secondary
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metabolites, particularly when higher dietary inclusion levels are used. Thus, it is impor-
tant to establish their maximum tolerance level in poultry diets and, thereafter, develop
strategies to ameliorate any antinutritional activities should higher dietary inclusion levels
be desired. Such practical strategies would ensure the large-scale adoption of phytogenic
products by farmers and feed manufacturing companies.
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Abstract: Breast cancer is the second highest cancer-related death worldwide. The treatment for
breast cancer is via chemotherapy; however, occurrences of multidrug resistance, unselective targets,
and physicochemical problems suggest that chemotherapy treatment is ineffective. Therefore, there is
a need to find better alternatives. Essential oil is a plant secondary metabolite having promising bioac-
tivities and pharmacological effects, including anti-breast cancer capabilities. This review intends
to discuss and summarize the effect of essential oils on anti-breast cancer from published journals
using keywords in PubMed, Scopus, and Google Scholar databases. Our findings reveal that the
compositions of essential oils, mainly terpenoids, have excellent anti-breast cancer pharmacological
effects with an IC50 value of 0.195 μg/mL. Hence, essential oils have potential as anti-breast cancer
drugs candidates with the highest efficacy and the fewest side effects.

Keywords: breast cancer; essential oils; terpenoids

1. Introduction

Breast cancer is a complex condition triggered by abnormalities in the the proliferation
of breast cells. Although the disease is present worldwide, there are regional variations in
death and survival rates due to differences in the population structure, way-of-life, genetics,
and the environment [1,2]. Breast cancer is the most common cancer and the leading cause
of mortality among women [3,4]. In the United States, there were around 252,710 new
instances of invasive breast cancer and 6341 new cases of ductal carcinoma. The Asia–
Pacific area accounts for over 24% of all breast cancer cases, with China, Japan, Vietnam,
and Indonesia having the greatest incidence rates [5,6]. The prevalence of this condition is
still very high globally, and in Indonesia, and it is predicted that the incidence would rise to
85 per 100,000 women by 2022 [7–9]. Thus, the treatment of breast cancer is still receiving
special attention. The treatment of breast cancer to date consists of three methods, namely,
surgical therapy, radiation therapy, and chemotherapy [10]. However, these therapies cause
a lot of tissue damage and other unwanted side effects [6,11]. Therefore, materials with low
toxicity are needed as an alternative that can be taken for therapy. Besides the toxic effect
produced being much smaller [12], the effectiveness is also not inferior to drugs used in
chemotherapy. One of the natural ingredients widely used in the treatment of breast cancer
is essential oil [13]. Essential oils are secondary metabolites in several plants with volatile
properties and have many pharmacological effects, including the treatment of cancers [14],
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such as lung cancer [15], colon cancer [16–18], prostate cancer [19,20], breast cancer [21,22],
cervical cancer [23,24], and many more. Currently, many studies are regarding the activity
of essential oil for the treatment of breast cancer which has also been summarized in review
articles. However, a systematic review of the use of essential oil in the treatment of breast
cancer has not been specifically carried out. Therefore, this review aims to summarize and
discuss studies related to the use of essential oils for breast cancer therapy arranged based
on the rules of a systematic review.

2. Methodology

The arrangement of this systematic review was based on the results of the collected
journals and reviews using Scopus, Pubmed, and Google Scholar databases with the
keywords “essential oil for breast cancer”, “monoterpene for breast cancer”, “sesquiterpene
for breast cancer”, and so on. The inclusion criteria were in the form of research articles
and journals for the last 10 years (2011–2021), while the exclusion criteria were journals
without identification of compounds (Figure 1).

Figure 1. Flowchart of the methodology.

3. Result

In the literature search, 135 articles were listed. After screening the title and abstract,
48 articles were selected for a detailed study. Finally, 46 articles were chosen for this review.

3.1. Breast Cancer

Breast cancer is the most common cancer with a high mortality in women [3]. The
malignant illness which causes this cancer starts in the breast cells. Factors including

164



Appl. Sci. 2022, 12, 12738

the population structure, lifestyle, genetics, and the environment, can increase the risk of
acquiring this cancer, similar to other malignant tumors [1,2,25].

According to breast cancer oncology, neoplastic cells are different from other normal
body cells. Normal tissues in the body have limited growth regulation keeping their
structure and function working as usual. Cancer cells, however, have prolonged and
chronic proliferation without external stimulation [26]. A breast tumor usually begins with
ductal hyperproliferation which will develop into a benign tumor or metastatic carcinoma
if stimulated continuously by various carcinogenic factors. The tumor microenvironment,
such as the influence of the stroma or macrophages, also plays an important role in the
initiation and progression of breast cancer [27–29].

The two theories put forth as the basis for the initiation and progression of breast
cancer are the cancer stem cell theory and the stochastic theory (Figure 2). According to the
cancer stem cell theory, all tumor subtypes develop from the same stem cell or progenitor
cell. Different phenotypes of a tumor are caused by genetic and epigenetic alterations
that are acquired in stem cells or progenitor cells. The stochastic theory describes that
each tumor subtype originates from a single type of cell (stem cells, progenitor cells, or
differentiated cells). Any breast cell may progressively develop random mutations, and if
these mutations result in malicious behavior, the breast cells are categorized as tumor cells.

Figure 2. Stem cell and stochastic model.

According to the cancer sites, there are many types of breast cancer, including invasive
and non-invasive cancer. When abnormal cells originating from milk ducts or lobules
spread out closer to the breast tissue, invasive carcinoma develops [30]. These type of
cancer cells can pass through the breast tissue and migrate to various parts of the body by
the immune system or through systemic circulation [31]. The most frequent malignancy in
women is invasive breast cancer. Non-invasive breast cancer, on the other hand, refers to
cancer that has not spread from the lobules [32]. Atypical cells can form and progress into
invasive breast cancer, even when they have not yet spread to other tissues outside of the
lobules or ducts.

Treatment of breast cancer currently consists of three methods, including surgical
therapy, radiation therapy, and chemotherapy. Every technique has positives and negatives
aspects, starting with surgical therapy, which aims to prevent, diagnose, stage, and remove
malignant tissue. In the case of radiation therapy, the irradiated rays can often kill more than
40% of cancer cells. If chemotherapy is used, it can lessen the quantity of cancer cells and
stop them from spreading. However, each approach has a number of disadvantages, such
as pain, infection, bleeding, blood clots, and gastrointestinal issues for surgical therapy.
The mechanism of action for radiation is typically harmful to normal cells, which can
occasionally be destroyed by the delivery of high radiation doses throughout the radiation
process. Chemotherapy, on the other hand, is not selective and also has a negative effect
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on healthy cells [6]. In addition, the limitations of chemotherapy are side effects and
multiple drug resistance issues, prompting researchers to explore treatments utilizing
natural compounds such as essential oils. Essential oils are plant-defense compounds
(secondary metabolites), which contain active components with therapeutic action, one of
which is anti-radical; hence, they can be used as an alternative cancer treatment.

3.2. Essential Oil

The original name of essential oil was Quinta Essential, given by Paracelsus von Ho-
henheim in the sixteenth century [33]. It is a combination of volatile secondary metabolites
produced by plants, mostly used for pollinator attraction and self-defense against preda-
tors. Hydrocarbons and volatile terpenes make up most of the essential oils. Plant tissues’
glandular cells produce essential oil, which is then accumulated in the resin vessel [34].
Ethereal oil and cooking oil are additional names for essential oil. Depending on the type
of plant, the oil has a harsh flavor, is volatile at room temperature without decomposing,
and often dissolves in organic solvents, though it is insoluble in water [35,36]. Essential oil
can be extracted via distillation of plant extract. At high concentrations, essential oil can be
used as local anesthetics. For example, clove oil is used to treat toothache, although it has
the side effect of damaging mucous membranes [37]. Most essential oils have strong an-
tibacterial and antifungal properties. Some of the most renewable activities of essential oils
are controlling Alzheimer’s disease, neurodegeneration, and anti-cancer activity [12,38–40].

Essential oils can be grouped based on several classifications and types. In this review,
the oil is classified into two major parts: (1) based on the method of extraction and (2) based
on the oil content.

3.2.1. Classification Based on the Method of Extraction

Several extraction methods have been reported and steam distillation is the most
preferred method in producing essential oils at large quantities with well-maintained
purity. However, the method is not suitable for all plant parts because it is not stable at
high temperatures [41]. To overcome this problem, methods such as cold pressing and
solvent extraction methods have been developed.

a. Steam Distillation

Steam distillation is a method that is often used for essential oil extraction [42]. The
principle of steam distillation is using steam as a separation agent to separate the various
component of the mixture [43], such as the separation of essential oil in the stems, leaves,
and flowers. The flow of steam around these parts will cause the oil to be evaporated
and carried away with the steam, which is then condensed and separated by decantation.
This method is often used to make traditional or aromatherapy oils that are pure and free
from impurities [44]. The quality and purity of the oil depend on various factors, such
as the pressure of the steam passing through the plant material, the refrigerant used, the
temperature of the closed system during oil production, as well as the skills of the distiller.
The oil produced by steam distillation is of high value because of the high quality and
purity of the extracts [37,45].

b. Cold Pressing Method

The cold pressing method is used to obtain high purity oils [46]. The principle of this
method is applying pressure to extract the essential oil substances present in the plant. This
method is mostly used by the citrus family to extract oil from fruit peels, such as tangerines,
grapefruit, lemons, oranges, and others [47]. The oil is forced out of the plant parts by
mechanical pressure, and the extracted results are in liquid form or mixed with water. Thus,
a filtering or distillation step is required to separate the oil and the water [48–50].

c. Extraction Using Solvent

Some plant materials are unsuitable for steam distillation due to high temperatures
(in the form of steam) or cold pressing. The resulting oils following this method can be
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contaminated or have low purity. To avoid this, plants such as jasmine, rose, orange
blossom (neroli), tuberose, and oak were extracted using solvents. This process works by
passing plant materials through a hydrocarbon solvent, such as ethanol, ether, methanol,
hexane, alcohol, and petroleum [38,51]. The solvent mixture is then filtered and distilled
under low pressure to obtain the essential oils [52].

d. Microwave-Assisted Hydrodistillation (MAHD)

Microwave-assisted hydrodistillation (MAHD), a complex distillation technique that
combines conventional hydrodistillation with microwave heating, has lately gained pop-
ularity for the extraction of essential oils from medicinal plants and herbs due to its
cost-effectiveness and environmentally friendly nature. A method’s efficiency can be in-
creased by increasing the yield, among other factors, through optimization of its parameter
conditions. Microwave-assisted hydrodistillation (MAHD) was developed and utilized to
extract some plants’ essential oils in an effort to make use of microwave heating with the
traditional HD. Using the MAHD approach for this extraction has several benefits. Even
though the distillation takes less time than the traditional extraction method, the oil yield
is slightly higher, and this would help to meet the steadily rising demand for essential
oil from medicinal plants. Less time is needed to complete the extraction, resulting in
less electricity being used, which lowers operating costs as well. Furthermore, MAHD
does not use any chemicals. Because of this, the essential oil obtained using this technique
is virtually pure and secure. Given their widespread use in both food preparation and
medicine, these requirements are crucial for medicinal essential oils [53].

e. Ohmic-Assisted Hydrodistillation (OAHD)

Ohmic-assisted hydrodistillation (OAHD) is a newly proposed extraction technique
that has been utilized to separate essential oils and makes use of the benefits of ohmic
heating. Over the past ten years, interest in ohmic hydrodistillation, which combines ohmic
heating with hyrodistillation, has increased. In comparison to the traditional hydrodis-
tillation procedure, ohmic-aided hydrodistillation (OAHD) has a shorter extraction time,
uses less energy, and produces a greater yield. The extraction time for the OAHD method
was 24.75 min, but the HD approach required 1 h to extract the thyme essential oil. In
comparison to HD, there were no differences in the essential oil molecules derived by
OAHD [54].

3.2.2. Classification Based on Contents

Most essential oils are composed of secondary metabolite components of the terpenoid
group (monoterpenoids, triterpenoids, and sesquiterpenoids) and phenylpropanoids. Other
names for essential oils are culinary oil and ethereal oil. The oil can have a strong flavor, be
volatile at ambient temperature without disintegrating, and frequently dissolve in organic
solvents, while being insoluble in water, depending on the plant species [55].

a. Terpenes

Terpenes are the main constituents of essential oils derived from various types of
plants or flowers. They are naturally occurring, volatile, unsaturated or open-chain, or
cyclic compounds. Terpenes can be classified according to the number of isoprene units,
a 5-carbon compound that gives off a scent or taste as a defense mechanism [56]. Based
on the isoprene, terpenes are divided into monoterpenes, sesquiterpenes, diterpenes,
triterpenes, tetraterpenes, and polyterpenes. Monoterpenes and sesquiterpenes are the
largest components in essential oils [57].

Most types of terpenes, excluding clove oil, have a lower specific density than water
and are soluble in organic solvents like ether and alcohol. It has a distinctive odor that
characterizes the essential oils and high refractive index [57]. Terpenes play an important
role in the taste, fragrance, and pigment of a plant. It has been reported that terpene
possesses a variety of bioactivities, including anticancer, antibacterial, antihyperglycemic,
antifungal, antiviral, analgesic, anti-inflammatory, and antiparasitic [56].
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b. Monoterpenes

Almost all essential oils are monoterpenes, a 10 carbons compound with at least one
double bond. Monoterpenes have a basic structure consisting of two linked isoprene units.
These compounds can undergo cyclization and oxidation in various ways [58]. The high
hydrocarbon content and fast reaction to air and heat sources making it not durable [34,59].
Due to their low molecular weight, many of these compounds exist in the form of essential
oils. Examples of monoterpenes are geraniol, terpineol, limonene, myrcene, linalool and
pinene [58].

It is reported that monoterpenes have antimicrobial, anti-inflammatory, antioxidant,
antipruritic, hypotensive, and analgesic pharmacological properties [58].

c. Sesquiterpene

Sesquiterpene consists of 15 carbon atoms and has complex pharmacological action,
such as that of chamazulene, which is found in German chamomile. The most prevalent
kind of functional group identified in essential oils is the oxygenated groups. Similar to
terpenes, it is vital to know the different classes of oxygenated compounds since each class
has a distinct potential for health benefits [59–61].

Three linked isoprene units combine to form sesquiterpene lactones with one of
the methanol groups oxidized to the lactone form. These sesquiterpenes are vital for
plant defense since they are insecticides, antibacterial, antiviral, and antifungal agents.
In addition, this compound can also provide biological activities, such as antibacterial,
antiviral, antifungal, and anticancer [62].

3.3. Bioactivity of Essential Oils as Cancer Agents

Secondary metabolites found in essential oils can be used as active components in
cancer treatments, such as the terpene group. Terpenes have been studied for anti-cancer
activity. The following is the anti-cancer activity of essential oils:

3.3.1. Prostate Cancer

Prostate cancer is a cancer of the prostate gland that occurs in men [63]. A study
of essential oils for anti-prostate cancer reported that essential oil containing jacaric acid
selectively induces apoptosis in hormone-dependent (LN-CaP) and independent human
prostate cancer cells (PC-3). The essential oil from Solanum erianthum and Pinus wallichiana
has also been reported to exhibit significant anti-proliferative activity in prostate cancer [64].
The mechanism of essential oils in prostate cancer is to specifically inhibit ROS and have
apoptotic activity in cancer cells [65]. In other research, the essential oil of Panax ginseng
was shown to have saponins with antimutagenic and anti-tumor effects. Guatteria pogono-
pus leaves significantly inhibit PC-3M metastatic prostate malignancy both in vitro and
in vivo [66]. Terpene essential oil has activity against three human cancer cells, one of
which is prostate cancer cells. In addition, essential oil activity from the Mentha species
was also reported in another prostate cancer cell line, namely LNCaP [67].

3.3.2. Glioblastoma

Glioblastoma multiforme (GBM) is a type of glioma (tumor of brain tissue) that grows
and develops rapidly. These tumors are formed from star-shaped glial cells (astrocytes)
that support nerve tissue in the brain [68]. Uncontrolled tumor development will lead to
cancer [69]. Essential oil from Hypericum hircinum has antiproliferative activity on human
glioblastoma tumor cells (T98G) [70]. Additionally, the cytosolic Ca2+ content of T98G cells
is increased by the essential oil from Zanthoxylum tinguassuiba, which contains bisabolol
and sesquiterpenes, and the viability of human glioblastoma cells is altered by causing
apoptosis. According to a recent study, glioblastoma cell line SF-767 was sensitive to
Ocimum basilicum L. and Lippia multiflora EOs, whereas SF-763 cells were most responsive
to Ageratum conyzoides L.’s essential oils with potent anti-tumor effects [71].
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3.3.3. Colon Cancer

Colon cancer is cancer that develops in the large intestine or at the bottom of the
large intestine connected to the anus (rectum) [72]. Several studies reported the activity of
essential oils, mainly the terpene group for alternative colon cancer treatment. Geraniol,
a monoterpene found in essential oils of various fruits and herbs has been proposed to
represent a new class of cancer agents for chemoprevention, because it has significant
antiproliferative activity on colon cancer cells (Caco-2) [73]. Essential oils from Afrostyrax
lepidophyllus, Scotonycteris zenkeri, and Athanasia brownii Hochr showed a strong inhibitory
effect on human colon carcinoma cell line HCT116 [74]. The essential oil of Satureja khuzis-
tanica significantly reduced the viability of SW480 colon cancer cells in a dose-dependent
manner [75]. The essential oil of Artemisia campestris exhibits significant antitumor activity
against HT-29 colon cancer cells [76] while Thymoquinone inhibited the proliferation of a
series of human colon cancer cells (Caco-2, HCT-116, LoVo, DLD-1, and HT-29) [77].

3.3.4. Liver Cancer

The aberrant growth of liver tissue that mutates and develops a tumor is known as
liver cancer [78]. Essential oils from Thymus citriodorus, Artemisia indica, and Pituranthos
tortuosus (Desf.) have substantial cytotoxic effects on HepG2 liver cancer cells when
tested for anti-cancer activity [79]. The HepG2 liver cancer cell line undergoes apoptosis
in response to zanthoxylum schinifolium essential oil, but not in response to caspase
activation. [80]. Moreover, essential oil isolated from the leaves of N. variabillima also
showed cytotoxic activity on human liver cancer cells [81].

3.3.5. Uterus and Cervix Cancer

Uterus cancer is a malignant tumor that develops commonly in the uterus in women
with menopause or over 50 years of age [82]. Several studies have been reported on the
activity of essential oils against uterus and cervix cancer. The uterine carcinoma cell line
Siha and the cervical cancer cells HeLa, were both sensitive to the essential oils from the
leaves of Casearia sylvestris and Liquidambar styracifua L. [83] The essential oil of Aristolochia
mollissima’s rhizome and aerial increased the cytotoxicity of the human cervical cancer
cell line HeLa [84]. Essential oil furanodiene from the rhizome of Curcuma wenyujin also
demonstrated growth inhibition in an in vivo study in uterine cervical tumors (U14) of
rats [85].

3.3.6. Lung Cancer

Lung cancer is a malignancy in the lung tissue originating from cells inside and outside
of the lungs (metastasis) [85]. Essential oils from Xylopia frutescens leaves were reported to
have a cytotoxic effect both in vitro and in vivo in NCI-H358M and PC-3M lung carcinoma
cell lines [86]. The essential oil i n Tridax procumbens also showed a significant effect on
preventing lung cancer cell metastasis on B16F-10 cell lines [87]. The essential oil obtained
from Litsea cubeba seeds has activity on human NSCLC cells, A549, through the induction of
apoptosis and cell cycle arrest [88], while the essential oil of Solanium spirale Roxb. showed
significant cytotoxicity against NCI-H187 cells [89].

3.3.7. Leukimia

Leukemia is a health condition whereby the body produces excess white blood cells,
also called abnormal leukocytes [90]. The THP-1 cell line showed concentration-dependent
growth inhibition in the studies of A. indica essential oils in leukemia [91]. The cytotoxic
efficacy of the essential oils of pine wood, Cedrus libani, Juniperus excelsa, and Juniperus
oxycedrus against drug-sensitive CCRF-CEM and leukemia CEM/ADR5000 expressing
multidrug-resistant P-glycoprotein was also demonstrated [92].

169



Appl. Sci. 2022, 12, 12738

3.4. Bioactivity of Essential Oils as Anti-Breast Cancer Agents

Essential oils have been widely studied to treat breast cancer. From the articles
collected, it is known that compounds that act as cancer agents are mostly terpene and its
derivatives (Table 1).

Table 1. Bioactivity of Essential Oils as Anti-Breast Cancer Agent.

No Plant Name Compounds Methods Activities Ref.

1 Zataria multiflora Monoterpenes and
triterpenes

MCF-7 and
MDA-MB-231 cells

Triggers apoptosis by inducing ROS,
mitochondrial membrane potential (MMP)
loss, DNA damage, G2 and S-phase arrest
in MDA-MB-231 cells and spheroids.

[93]

2 Zataria multiflora Monoterpenes In vitro using 4T1 cells Inhibition of proliferation and apoptosis of
4T1 and TC1 cells. [94]

3 Cymbopogon
citratus Monoterpenes In vivo using 54

Holtzman female rats
Shows tumor reduction as well as necrosis
and mitosis. [95]

4 Oliveria decumbens Monoterpenes In vitro using 4T1 cells

Induces apoptosis through ROS generation,
mitochondrial membrane potential
disruption, caspase-3 activation, and DNA
damage.

[38]

5 Pinus sylvetris Monoterpenes In vitro using MCF-7
cells

Inhibits the growth of MCF-7 cells by 45.3%
and 99.7%. [96]

6 Erythrina
corallodendron L.

MonotMonoterpenes
erpen

In vitro using
MDA-MB-231, MCF-7
and HMLE cells

Inhibits the proliferation, migration, and
invasion of breast cancer cells in a
dose-dependent manner.

[97]

7 Cyphostemma juttae Diterpenes
In vitro using
MDA-MB 231 and
SUM 149 cells

C. juttae oil substantially reduces the
activation of NF-κB transcription factors,
resulting in a significant decrease in several
NF-κB target genes.

[98]

8 Juniperus oxycedrus
L. Monoterpenes In vitro using MCF-7

cells
ALEO shows an IC50 value of 31% (v/v)
against MCF-7 cells after 36 h of treatment. [99]

9 Pallines spinosa Monoterpenes and
triterpenes

In vitro using MCF-7
and MDA-MB-231
cells

Induces apoptosis in MCF-7 and
MDA-MB-231 cell lines, and alters Bcl-2
and Bax protein levels.

[60]

10

oleo-gum-resin
and its essential oil
of Ferula
assa-foetida and
ferulic acid

Monoterpenes In vitro 4T1 cells

The results show that the three constituents
can inhibit the proliferation of 4T1 cells.
Our MTT assay results demonstrated a
significant cytotoxicity effect in a time and
concentration-dependent manner.

[100]

11 Decatropis bicolor
(Zucc.) Monoterpenes In vitro using MDA

MB 231 cells

Cytotoxic effect on MDA-MB-231 cells in a
dose- and time-dependent manner with an
IC50 of 53.81 ± 1.691 μg/mL, but
independent of the breast epithelial cell
line MCF10A (207.51 ± 3.26 μg/mL).

[101]

12 Cinnamomum
longepaniculatum Monoterpenes A549 and MCf-7 cells

The essential oil derived from C.
longepaniculatum with the main
compounds of terpinen-4-ol, α-terpineol,
and safrole induces apoptosis or
substantial necrosis in human A549 lung
cancer and MCF-7 breast cancer cells.

[61]
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Table 1. Cont.

No Plant Name Compounds Methods Activities Ref.

13 Nigela sativa Thymoquinone
(p-benzoquinones)

In vitro using MCF-7
cells

Nigela sativa essential oil significantly
reduced breast cancer cell survival (MCF-7).
The nucleo-cytoplasmic morphological
features of NSEO-NE-treated cells were cell
membrane blistering, cytoplasmic
vacuolation, chromatin marginalization,
and nuclear fragmentation. The results
demonstrated that NSEO-NE induces
apoptosis in MCF-7 cells.

[102]

14
Opoponax
(Commiphora
guidottii)

Sesquiterpenes MCF-7 cells

The loss of viability was due to the
induction of apoptosis as demonstrated by
the Annexin V-propidium iodide and
caspase-3/7 activity assays/test.

[103]

15 Hypericum
perforatum Sesquiterpenes MCF-7 cells

The essential oil of Hypericum perforatum
also showed anticancer activity against
MCF-7 cells. The IC50 values of essential
oil, MTX, and MTX essential oil were 0.78,
6.25, and 0.195 μg/mL, respectively.
However, Hypericum perforatum essential
oil was found to be non-cytotoxic for
MDBK cells.

[104]

16 Pinus corainensis Monoterpens MDA-MB-231 cells
(TNBC)

Inhibits TNF α-induced MDA-MB-231 cell
invasion as determined by a
three-dimensional spheroid invasion assay.

[105]

17 Chenopodium
ambrosioides L. Monoterpenes MCF-7 cells

Inhibits the growth of MCF-7 cells within
24 h (p < 0.05), which is consistent with the
results of fluorescent staining of live/dead
cells.

[106]

18 Boswelia sacra Triterpenes MDA-MB-231 cells
(TNBC)

Induces cancer cell death, prevent the
formation of cellular tissue (MDA-MB-231)
cells in Matrigel, and cause multicellular
tumor spheroid damage (T47D cells), and
regulates molecules involved in apoptosis,
signal transduction, and cell cycle
development.

[107]

20 Syzigium
aromaticum Diterpenes BSLT (brine shrimp

lethality test) method

Tests on BSLT and MTT showed essential
oils had the highest cytotoxic effect,
followed by ethanol and water extracts.
The LD50 concentration of essential oil in
24 h of BSLT was 37 μg/mL.

[108,
109]

21 Laurus nobilis L. Monoterpenes MCF-7 and T47D cells

Shows a strong antiproliferative activity for
both leaves and fruit; however, the fruit
remained more potent against both breast
cancer cell models (MCF7 and T47D).

[110]

22
Lycopus lucidus
Turcz. var. hirtus
Regel

Sesquiterpenes MCF-7 cells
The essential oil can induce apoptosis of
carcinoma cell lines and decrease the level
of intracellular GSH.

[111]

23 Cordia africana
Lam. Sesquiterpenes MCF-7 cells Has an apoptotic mechanism with IC50

inhibition of 4.55 μg/mL. [112]

24 Lemon volatile oil Monoterpenes MCF-7 cells
Oil derived from lime leaves shows
cytotoxic activity against breast cancer cells
(MCF-7) at IC50 10% (v/v).

[113]
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Table 1. Cont.

No Plant Name Compounds Methods Activities Ref.

25 Murraya koenigii Sesquiterpenes MCF-7 cells
Essential oil in particular exhibits strong
antibacterial and cytotoxic effects with a
dose-dependent trend (≤5.0 μg/mL).

[114]

26 Cedrelopsis grevei Sesquiterpenes MCF-7 cells

The main constituents are (E)-β-farnesene
(27.61%), δ-cadinene (14.48%), α-copaene
(7.65%), and β-elemene (6.96%). Grevei
essential oil is active against MCF-7 cells
(IC50 = 21.5 mg/L).

[115]

27 Asteraceae family Sesquiterpenes MCF-7 and
MDA-MB-468 cells

Britannin can induce apoptosis in MCF-7 and
MDA-MB-468 cells. Western blot analysis
shows that Bcl-2 expression markedly
decreased in response to Britannin treatment,
whereas Bax protein expression increased,
which is positively correlated with increased
p53 expression.

[116]

28
Tanacetum
polycephalum L.
Schultz-Bip

Sesquiterpenes In vivo (white rats)

Histopathological examination showed that
TPHE significantly suppressed the
carcinogenic effect of LA7 tumor cells. Tumor
sections from TPHE-treated mice showed a
significantly decreased expression of Ki67
and PCNA compared to the control group.

[117]

29

Gaillardin, was
isolated from the
chloroform extract of
Inula oculus-christi
aerial

Sesquiterpenes MCF-7 cells

Gaillardin is able to induce apoptosis in the
breast cancer cell lines of MCF-7 and
MDA-MB-468 and determine the mechanism
underlying their anticancer effects. Induction
of apoptosis with Gaillardin treatment is
confirmed by annexin V-FITC/PI staining,
and activation of caspase-3, -6, and -9.

[118]

30
Opoponax
(Commiphora
guidottii)

Sesquiterpenes In vivo (white rats)

Opoponax essential oil shows specific
cytotoxicity for mammary tumor cells of
humans and mice in vitro and in vivo, and
this warrants further investigation into the
use of β-bisabolene in medicine.

[103]

31 Eupatorium
lindleyanum DC. Sesquiterpenes MDA-MB-231 cells

(TNBC)

Inhibits migration, invasion, and motility of
MDA-MB-231 cells in a
concentration-dependent manner by
invasion and apoptosis.

[119]

32 Eupatorium
lindleyanum DC. Sesquiterpenes MDA-MB-468 cells

(TNBC)
EO-induced cytotoxicity is mediated by the
induction of apoptosis. [120]

33 Ulva fasciata Sesquiterpenes MDA-MB 231cells
(TNBC)

Computational study shows the interaction
of guai-2-en-10α-ol with the Asp855 residue
of the EGFR kinase domain in the active
conformation. All these results suggest the
anticancer potential of guai-2-en-10α-ol via
the EGFR/PI3K/Akt pathway.

[121]

34 Plants such as
Inula helenium Sesquiterpenes MDA-MB 231cells

(TNBC)

ALA can inhibit the proliferation, motility,
migration, and tube formation of human
umbilical vein endothelial cells. ALA also
inhibits angiogenesis at the chorioallantoic
membrane of chicken embryos and slows the
growth of the xenograft of human breast
cancer of MDA-MB-231.

[61]
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3.4.1. Monoterpenes

Nearly all essential oils contain monoterpenes, which have a structure of 10 carbon
atoms with at least one double bond [59]. Monoterpene has been linked to breast cancer in
numerous studies. The oxygenated monoterpene 1,8-cineole is a major component of the
oil from L. nobilis fruits and leaves. The leaves and fruits’ crude ethanol fractions, including
solvent extracts, show strong antiproliferative activity. However, the fruits are more potent
against both breast cancer cell models (MCF7 and T47D). At the IC50 value, the mechanisms
of apoptosis are different when the proapoptotic efficacy of L. nobilis fruits is not regulated
by p53 or p21, and the component of the leaves extract substantially increased p53 level. In
both extracts, apoptosis is independent of caspase-8 or Fas ligand [110].

Essential oils derived from Zataria multiflora were investigated using MCF-7 and MDA-
MB-231 cells. It is known that the main component of these essential oils are monoterpenes.
The mechanism of monoterpenes is apoptosis by inducing reactive oxygen species (ROS),
mitochondrial membrane potential (MMP) disruption, DNA damage, G2 and S-phase [122].
The essential oils were also investigated in vitro using cell lines of 4T1 and TC1 and tested
on white winstar mice. As compared to controls, the results showed that the tested essential
oils were effective at reducing tumor weight and inhibiting 4T1 and TC1 cell growth and
death. They also enhanced the secretion of TNF-, IFN-, and IL-2 while decreasing IL-4.
During the treatment with Zataria multiflora oil, the biochemical factors of mice did not
change significantly [94].

In addition, Cymbopogon citratus essential oils include monoterpenes which reduce tu-
mors, necrosis, and mitosis. Carvacrol-treated test animals did not exhibit necrosis, mitosis,
or infiltration. The cumulative tumor volume was significantly reduced by carvacrol at a
dose of 100 mg/kg/day BW, dropping to 0.11–0.05 cm3 from 0.38–0.04 cm3 in the DMBA
group (p 0.01). Thus, it may be concluded that carvacrol and Cymbopogon citratus extracts
exhibited antitumor effects on female rats having DMBA-induced breast cancer [95].

Anti-breast cancer activity was also analyzed by in vitro and in vivo for Oliveria de-
cumbens essential oils by enhancing apoptotic and immunomodulatory effects. Based on
the MTT test, Oliveria decumbens essential oils inhibit viability on 4T1 cancer cells without
significant effects on normal cells L929 in 2D analysis, as well as the anti-proliferative effect
on 4T1 spheroid (3D analysis). The results showed that Oliveria decumbens essential oils
induce apoptosis through ROS generation, mitochondrial membrane potential disruption,
caspase-3 activations, and DNA damage. On in vivo testing, the effectiveness of Olive-
ria decumbens essential oils were evaluated in tumor-induced 4T1 mice and cytokine to
confirm the antitumor effect and development of immune response associated with Th1
expansion [38].

The monoterpene of Pinus sylvestris’ essential oils demonstrated minimal inhibitory
doses of 0.125, 0.1, 3.0, and 10.0 μg/mL, against B. subtilis, S. cerevisiae, S. aureus, and E. coli,
respectively. The proliferation of MCF-7 cells was decreased by 45.3% and 99.7% by the
oils at 50 μg/mL and 100 μg/mL, respectively, and 14,36 ± 0.28 μg/mL was the inhibitory
concentration of DPPH (2,2-diphenyl-1-picrylhydrazyl) for radical scavenging [96].

Additionally, the essential oils from the leaves of Erythrina corallodendron L. reduced
the growth, migration, and invasion of breast cancer cells in a dose-dependent manner.
Further research on the essential oils from leaves of E. corallodendron should be performed
to elucidate their potential as a clinical drug or adjuvant to treat migration and invasion of
breast cancer [97].

Moreover, essential oils from the Oxycedrus L. fruit showed higher efficacy against
MCF-7 cells as compared to the extract derived from the leaves. According to reports,
Oxycedrus L. triggered caspase-9 activation and mitochondrial potential loss in ER + breast
cancer cells, indicating that the fruit oils activated the intrinsic mechanism of death in these
cells [99].

According to a different study, the essential oils of Pallines spinosa’s flowers were sub-
stantially more effective than those of the oil leaves against MCF-7 (IC50 0.25 ± 0.03 μg/mL)
and MDA-MB-231 (IC50 0.21 ± 0.03 μg/mL), respectively. When compared to breast cancer
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and cell hematology, the toxicity of flower oils was five to eight times lower in normal
MCF-10-2A (IC50 1.3 ± 0.2 μg/mL) and blood mononuclear cells (2.80 ± 0.45 μg/mL),
respectively. Both oils change the levels of the proteins Bcl-2 and Bax and cause caspase-
dependent and MCF-7 and MDA-MB-231 cell-dependent apoptosis. Additionally, the oils
control the production of cyclin D1, CDK4, and p21 proteins to suppress the cell cycle in
both cancer cell lines at the G0/G1 phase [60].

Ferula assa-foetida and Decatropis bicolor (Zucc.) also contain monoterpenes having
anti-breast cancer effectiveness. The cytotoxic impact on MDA-MB-231 cells is dosage- and
time-dependent, with an IC50 of 53.81 ± 1.691 μg/mL, but is independent of the breast
epithelial cell line MCF10A (207.51 ± 3.26 μg/mL). However, ferulic acid did not show any
significant effect until 500 μg/mL [100,101].

The essential oils from Cinnamomum longepaniculatum were mainly terpinen-4-ol, α-
terpineol, and safrole, which are known to induces apoptosis or substantial necrosis in
human A549 lung cancer and MCF-7 breast cancer cells [106]. Among the four main
components of Korean pine essential oils, d-limonene, 3-carene, α-pinene, and β-myrcene
demonstrated the highest suppression of nuclear factor κB (NF-κB) triggered by the tumor
necrosis factor (TNFα) [105]. The active substance in the essential oils could inhibit the
growth of MCF-7 cells within 24 h (p < 0.05), which is consistent with the results of live/dead
cell fluorescent staining.

Chenopodium ambrosioides L. inhibited essential oils by 58.98%, 1-isopropyl-4-methylbenzene
by 37.8%, and α-terpinene by 32.09%. In comparison to the control, the relative MDA
content increased considerably (p 0.05) up to concentrations of 1.25, 0.21, and 0.17 μg/mL for
essential oils 1-isopropyl-4-methylbenzene, and α-terpinene, respectively, and subsequently
declined (p < 0.05) [61].

The molecular profile of lemon essential oils against breast cancer was examined using
GC/MS analysis. Limonene (47.24% and 55.23%), geranial (14.48% and 7.94%), and neral
(12.1% and 6.1%) made up most of the mixture. At an IC50 of 10% (v/v), the oils from
the leaves exhibited cytotoxic action against breast cancer cells (MCF-7). According to
the results (compared to untreated cells; p < 0.05), there was a significant increase in the
expression level of the apoptotic protein caspase-8, a significant decrease in the expression
level of the anti-apoptotic protein BcL-2, and a significant increase in the expression level
of the proliferative marker Ki-67 [113,123].

Another test conducted on red algae Plocamium extract with monoterpenes as the
dominant compound was against MDA-MB-231 triple-negative breast cancer cells. The
results showed that it is able to disrupt mitochondria, activate caspase-3/7, externalize
phosphatidylserine, reduce the number of polyploid cells, and is DNA fragmentation
consistent with the induction of apoptosis with an IC50 value of 16 ± 2.2 μM, 7.3 ± 0.4 μM,
and 3.3 ± 0.5 μM after 24 h, 48 h, dan 72 h, respectively [124].

3.4.2. Sesquiterpene

Sesquiterpenes have been widely studied for their activity against breast cancer. Yoe
et al. reported that β-Bisabolene and α-Bisabolene from opoponax (Commiphora guidottii)
showed specific cytotoxicity for mammary tumor cells of humans and mice both In vitro
and In vivo. In addition, this compound also showed good selectivity in human cancer
cells of MCF-7, MDA-MB-231, and SKBR3 [103]. Therefore, further investigation into the
use of β-bisabolene in medicine is needed [103].

Additionally, Hypericum perforatum essential oil demonstrated that sesquiterpene such
as germacrene D, δ-cadinene, γ-muurolene, germacrene B, α-copaene, bicyclogermacrene,
and (E)-caryophyllene was the dominant compound. Cytotoxic activity of the essential oils
on MCF7 breast cancer cells resulted in the suppression of cancer growth with an IC50 of
0.78 μg/mL. However in normal MDBK cells no cytotoxic activity was observed [125].

Essential oils of Lycopus lucidus Turcz. var. hirtus Regel was also reported to contain
sesquiterpene; -Humulene (15.97%) was the dominant compound. These essential oils are
reported to exhibit cytotoxic activity by reducing the cell viability of breast cancer [111].
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Essential oils from Cordia africana Lam. contain 32.0% of β-caryophyllene having inhibition
on MCF7 breast cancer cells with an IC50 of 4.55 μg/mL. In addition, this essential oils also
exhibit apoptotic activity by the increase in protein caspase-8 which induces apoptosis in
cells [112].

Essential oils from Murraya koenigii are also reported to be sesquiterpenes as the
dominant compounds [114]. The essential oils inhibit the growth of MCF7 breast cancer
cells. Essential oils from Cedrelopsis grevei leaves contained (E)-β-farnesene (27.61%), α-
copaene (7.65%), δ-cadinene (14.48%), and β-elemene (6.96%) also inhibits the proliferation
of MCF7 breast cancer cells with an IC50 value of 21.5 mg/L [115].

Herbal medicine derived from Chloranthus serratus essential oils was reported to
suppress LIM kinase-1 (LIMK1) which plays an important role in invasion and metastasis
of tumor cells by regulating actin cytoskeleton architecture, cofilin1 phosphorylation, F-
actin polymerization and the cell migration of human breast cancer MDA-MB-468 and
MDA-MB-231 cells with IC50 values of 4.64 μM and 3.14 μM respectively [126].

Another study reported that sesquiterpene from the Pimpinella haussknechtii fruit in-
creased protein aggregation and mRNA expression of ATF-4, CHOP, GADD34, and TRIB3
in MCF7 breast cancer cells, with IC50 values of 45 and 25 μM [127]. Alantolactone, a
sesquiterpene compound, were reported to inhibit angiogenesis, suppress phosphorylation
of vascular endothelial growth factor receptor 2 and its downstream protein kinases includ-
ing PLC-γ1, FAK, Src, and Akt in endothelial cells, and delay the growth of human breast
cancer MDA MB 231 xenografts in mice. When tested on MDA MB 231 cells, the antian-
giogenic activity of this chemical indicated that alantolactone is a prospective therapeutic
candidate for antiangiogenic cancer therapy, with an IC50 of 40.4 μM [128].

Based on these In vitro and In vivo studies, sesquiterpenes were active against breast
anticancer cells. In vitro studies on anti-breast cancer activity using MCF-7, MDA MB
231 and MDA MB 468 cells [60,120] shows significant results in inhibiting breast can-
cer [61,116,120,121]. In addition, the histopathological In vivo studies performed on white
mice showed that sesquiterpenes significantly suppressed the carcinogenic effect of LA7
tumor cells in mice [103].

The mechanism of the sesquiterpenes is to inhibit the migration, invasion, and motility
of MDA-MB-231 cells in a concentration-dependent manner by invasion and apoptosis [119].
Moreover, studies on the inhibition of the Akt pathway in MDA-MB-468 cells showed that
it might stop the growth of those cells, by causing a cell cycle arrest in the G2/M phase and
inducing caspase-dependent death [120].

According to a recent study, allantoin can prevent human umbilical vein endothelial
cells from proliferating, migrating, moving, and forming tubes. Additionally, allantoin
inhibited angiogenesis at the chorioallantoic membrane of chicken embryos and, via block-
ing angiogenesis, reduced the growth of the breast cancer xenograft MDA-MB-231 in
mice [128].

3.4.3. Triterpenes

Triterpene has been reported to be active against breast cancer cells [129,130]. In
comparison to the essential oils from the leaf (IC50 2.4 ± 0.5 μg/mL and 1.5 ± 0.1 μg/mL),
triterpenes from Pallines spinosa demonstrated a considerable cytotoxic effect on MCF-
7 (IC50 0.25 ± 0.03 μg/mL) and MDA-MB-231 (IC50 0.21 ± 0.03 μg/mL) cells. When
evaluated on normal MCF-10-2A (IC50 1.3 ± 0.2 μg/mL) and blood mononuclear cells
(2.80 ± 0.45 μg/mL) as opposed to breast cancer cell hematology, flower essential oils’
toxicity was five to eight times lower. Both essential oils change the levels of the proteins
Bcl-2 and Bax and cause caspase-dependent apoptosis in MCF-7 and MDA-MB-231 cells.
Additionally, via modifying the expression of cyclin D1, CDK4, and p21 proteins in both
cancer cell lines, essential oils suppressed the cell cycle at the G0/G1 phase [60].

Boswellia sacra essential oils which were distilled at 100 ◦C were more effective than
essential oils prepared at 78 ◦C. This is because the extract has higher triterpene content.
These compounds have the ability to cause the death of cancer cells, stop the growth of
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MDA-MB-231 cells in Matrigel, harm multicellular tumor spheroids (T47D cells), and con-
trol molecules that control apoptosis, signal transduction, and cell cycle progression [107].

Xue et al. reported that the ethanolic extract of Pleurotus eryngii inhibits MCF7
cells. Three triterpene components, 2,3,6,23-tetrahydroxy-urs-12-en-28 oic acid, 2,3,23-
trihydroxyurs-12-en-28 oic acid, and lupeol, make up most of this extract’s composition.
The ability of these substances to stop the growth of breast cancer cells was demonstrated
by their respective IC50 values of 15.71, 48, and 66.89 μM, repsectively [131].

3.4.4. Diterpenes

Diterpenes are a group of hydrocarbons that are widely present in essential oils.
Several studies reported that diterpenes are good anti-breast-cancer agents. Zito et al. [98]
reported that the essential oils of Cyphostemma juttae have a dominant diterpene content,
which is phytol compound (30%) tested against triple negative breast cancer cells (MDA-
MB-231, SUM 149). Phytol substantially reduces the activation of NF-κB transcription
factors, resulting in a significant decrease in several NF-κB target genes.

The extract of Tinospora cordifolia also contains diterpenes with breast anticancer activity
against MCF7 cells. The results showed that the IC50 values at 24 and 48 h were 3.2 mM
and 2.4 mM respectively. The cytotoxicity of this compound was specific for MCF-7
cells and had no toxic effect on normal Vero cells and V79 cells. This compound also
significantly stimulated the formation of intracellular ROS, even at lower doses of 0.6 and
1.2 mM. Thus, it can be concluded that the diterpene compounds from this extract are
effective and selective against cancer cells, especially breast cancer cells [132]. The diterpene
myrsinol compound J196-10-1, derived from the roots of Euphorbia prolifera, can reverse
multidrug resistance, namely daunorubicin, vincristine, and topotecan, with the IC50 value
of daunorubicin from 29.65 μM to 0.55 μM, vincristine from 13.85 μM to 0.063 μM, and
topotecan from 4.61 μM to 0.65 μM [106].

Myrsinane-type diterpenes, such as 3,7,10,14,15-tetraacetyl-5-propanoyl-13,17-epoxy-
8,10,18-myrsinadiene and 3,7,10,14,15-pentaacetyl-5-butanoyl-13,17-epoxy-8-myrsinane, are
present in Euphorbia connata Boiss. acetone:chloroform extracts. In MDA-MB cells, these
compounds had an IC50 value of 24.53 ± 3.39 and 26.67 ± 1.41 μM, while in MCF-7 cells, the
value was 37.73 ± 3.41 and 34.57 ± 2.12 μM, respectively, indicating a moderately inhibitory
effect on breast cancer. Other diterpenes, such as 5,6-epoxy-8,9,15-triacetyl-3-benzoyl-14-oxo-
jatropha-11 (E)-ene (3), exhibited weak cytotoxicity in MDA-MB cells (IC50 = 55.67 ± 7.09 μM)
and moderate cytotoxicity in MCF7 cells (IC50 = 24.33 ± 3.21 μM) [133].

3.4.5. Other Terpenes

Essential oils from Nepeta cataria L. have also been tested on PC3 and MCF7 breast
cancer cells. The largest content of these essential oils is the stereoisomer of nepetalactone,
a class of terpene compounds. Essential oils of N. cataria were more effective against PC3
triple negative breast cancer than other breast cancer cells. In addition, western blot also
showed the expression of apoptosis-inducing proteins. Therefore, it can be postulated that
these plant compounds have the mechanism to treat cancer by inducing cell apoptosis [134].
The dominant compounds in essential oils from Achillea fragrantissima comprise 1-terpinen-
4-Ol (30.90%) and p-cymen-3-Ol (21.22%), and these essential oils were effective against
MCF7 breast cancer cells, with an IC50 value of 0.51 μg/mL extracted via hydrodistillation
and 0.80 μg/mL extracted via volatile solvent extraction [135].

3.5. Types of Cells Used in Cytotoxic Studies

Cytotoxic studies of essential oils were performed on several types of breast cancer cell
lines (Figure 3). Throughout this review, MCF-7 and MDA-MB-231 are the most common
cancer cells used in cytotoxic studies, with 19 studies on MCF-7 and 11 on MDA-MB-231.
(Figures 3 and 4) The breast cancer cell line MCF-7 contains glucocorticoid, progesterone,
and estrogen receptors. The pleural effusion of a 69-year-old Caucasian woman with
metastatic breast cancer (adenocarcinoma) was used as the source of this substance in 1970
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by Dr. Soule of the Michigan Cancer Foundation in Detroit, Michigan. Because MCF-7
cells still possessed several desirable traits unique to the mammary epithelium, such as the
ability to process estrogen in the form of estradiol via estrogen receptors (ER) in the cell
cytoplasm, it is valuable for in vitro breast cancer investigations. It is the first hormone to
react to a breast cancer cell line. Its special qualities are advantageous for experimental
therapies, and the cells are also cytokeratin-sensitive. The epithelial-like cells develop in
monolayers when cultured in vitro, and the cells have the ability to form domes.

Figure 3. Types of cells used in the cytotoxicity study.

Figure 4. IC50 Value of essential oils in breast cancer cells.

The triple-negative breast cancer cell line MDA-MB-231 exhibits an indicative epithelial
to mesenchymal transition (EMT), which is linked to BC metastasis. One of the most popular
breast cancer cell lines in medical research labs is the MDA-MB-231 epithelial cell line. It
was developed from a pleural effusion of a 51-year-old Caucasian woman with metastatic
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mammary adenocarcinoma1. Based on the IC50 results, sesquiterpenes have the lowest
IC50 value of 0.19 μg/mL in MCF-7 cancer cell line. In addition, from the 19 anticancer
studies of sesquitepenes, 17 showed an IC50 below 20 μg/mL, indicating strong activity,
as compared to monoterpenes with 7 out of 12 anticancer studies below 20 μg/mL. From
this, it can be concluded that sesquiterpenes have the best potential anticancer activity
compared to other compounds (Figure 4).

3.6. Clinical Trials of Essential Oils for Breast Cancer

Clinical trials for the use of essential oils as a breast cancer treatment on breast cancer
patients are currently being conducted. Peppermint essential oil has undergone clinical
testing on 100 breast cancer patients receiving outpatient care at the Imam Khomeini
Hospital cancer center. Patients were randomized into interventions with control groups.
The intervention group received aromatherapy with peppermint essential oil, whereas
the control group received saline solution. From this study, it is suggested that the use of
anti-nausea medications in combination with aromatherapy using peppermint essential oil
can lessen nausea and vomiting during acute phase drug use [136]. The impact of inhaling
ginger aromatherapy on patients with breast cancer symptoms, such as nausea, vomiting,
and poor health-related quality of life (HRQoL), has also been investigated. In the acute
period, essential oil inhalation significantly reduced visual analog scale (VAS) nausea scores
when compared to the placebo [137]. The findings of recent clinical trials for the treatment
of nausea and vomiting brought on by medication are generally positive. It is postulated
that specific medicines using the components of essential oils would be developed to treat
cancer in the future.

3.7. Toxicity and Side Effect of Essential Oils

The largest and most diversified collection of naturally occurring substances is com-
prised of terpenes, also referred to as terpenoids. They are mostly present in plants and
make up the bulk of essential oils made from plants. Terpenes have numerous bioactive
and pharmacological properties, as well as a variety of medical applications. Terpenes
also provide for flexibility in the route of administration and the reduction of side effects
in addition to these qualities. Terpenes are natural substances that are unlikely to harm
healthy cells or have any negative side effects, which attracts many researchers to explore
their potential as a cancer treatment [138]. Castilhos et al. conducted toxicity research of es-
sential oils in 2017, and the findings show that these compounds exhibit relative selectivity
to the predator Chrysoperla externa; nevertheless, some compounds also showed sublethal
effects on reproduction. Carvacrol and thymol, two phenolic monoterpenoids, were less
toxic than natural pyrethrins (the toxicity standard) in these bioassays, but they were more
acutely lethal than other terpenoids screened, with an LD50 of 20,000 g/g. R-(+)-limonene
was found to have sublethal impacts on fecundity and fertility, whereas oregano oil merely
had a fecundity-related effect [139].

On laboratory animals, usually rats, the potential toxicity of various essential oils and
their constituents was studied. The median lethal dose (LDso) test was used to assess
acute toxicity in rats, and the results showed that most essential oils have an LDso of
1–20 g/kg, indicating low toxicity. Some essential oils, such as lemon oil, have an LDso
of greater than 5 g/kg in humans. Therefore, the deadly dose for an adult weighing
70 kg would be 350 g, which is difficult to achieve under normal circumstances. The
EOs from Boldo leaf, Chenopodium, Mentha pulegium (pennyroyal), Satureja hortensis
(savory), and Thuja are a few notable outliers; they showed an LDsp between 0.1 and
1 g/kg in rats, signaling a high toxicity and recommending the need for necessary care
while using them. Since some of the resultant compounds, such as the oxidation products of
limonene, are potentially skin sensitizers, essential oils are subject to oxidative deterioration.
Alipanah et al. (2021) formulated Citrus sinensis and Citrus limon essential oils using chitosan
nanoparticles to improve the anti-breast cancer. This idea is also a solution to protect the
instability of limonen and keep them from being easily oxidized [140]. Additionally, in
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order to boost activity against breast cancer cells, Valizadeh et al. (2021) used chitosan to
create na-noparticles of Syzygium aromaticum essential oils with the predominant amount
of egeunol (MDA-MB-468) [109]. Therefore, proper essential oil storage is required to
maintain their potency and lower the likelihood of negative responses. Essential oils should
be kept in tightly sealed containers in a refrigerator or in a cool, dark location (brown
bottles). Although the Flavor and Extract Manufacturers Association (FEMA) awarded
most essential oils the GRAS (generally recognized as safe) certification, it should be noted
that these oils were only tested as flavors with very low concentrations in the tested goods.
Particular hazardous consequences, either local or systemic, for a concentrated essential oil,
could manifest under certain conditions [141,142].

4. Author Perspective

Essential oils are plant-made active metabolites that serve as the plants’ internal
defense mechanisms. The active metabolites found in essential oils are potent antioxidants
that aid in blocking ROS [143,144], and hence have medicinal efficacy to treat a variety
of ailments. Due to their antioxidant properties, various research reviews claim that the
mechanism of essential oils which inhibit ROS can be used in anti-cancer therapy. The
molecular mechanism of anti-cancer essential oils as has been studied extensively due to the
high prevalence of cancer patients, particularly breast cancer. From the studies, the terpene
group is effective in inducing apoptosis and inhibiting the growth of breast cancer cells,
such as the MCF-7 and MDA-MB231 cell lines. Despite extensive preclinical and clinical
research using cancer cells and patients, the advantages of essential oils as a treatment for
chemotherapy side effects, such as nausea and vomiting, have recently been revealed. In
the fight against breast cancer, the outcomes of essential oils against cancer or cancer’s side
effects are highly substantial. It is envisaged that the physicochemical qualities of essential
oils, such as stability in varied environments, can be improved in the future. It is also hoped
that the active substance of essential oils will be incorporated into drug development for
breast cancer.

5. Conclusions

As potential anti-breast cancer medicines, essential oils have demonstrated promising
bioactivity and pharmacological characteristics in vitro and in vivo. Terpenoids, primarily
monoterpenes, sesquiterpenes, diterpenes, and triterpenes, make up the majority of the
essential oils’ chemical composition. According to this review, essential oils from 18 out
of 28 sesquiterpenes with IC50 values ≤ 20 μg/mL were reported in 17 out of the 19 anti-
breast cancer investigations. This demonstrated that sesquiterpenes are the most effective
anti-breast cancer agent, with an IC50 on the MCF-7 627 cancer cells line of 0.19 μg/mL.
We believe that essential oils might eventually be employed as a primary or adjuvant
therapy for the treatment of breast cancer, since they are highly effective and rarely exhibit
side effects.
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