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c analysis of five Mentha species:
cytotoxicity, anti-Helicobacter assessment, and the
development of polymeric micelles for enhancing
the anti-Helicobacter activity
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Mentha species are medicinally used worldwide and remain attractive for research due to the diversity of

their phytoconstituents and large therapeutic indices for various ailments. This study used the

metabolomics examination of five Mentha species (M. suaveolens, M. sylvestris, M. piperita, M. longifolia,

and M. viridis) to justify their cytotoxicity and their anti-Helicobacter effects. The activities of species

were correlated with their phytochemical profiles by orthogonal partial least square discriminant analysis

(OPLS-DA). Tentatively characterized phytoconstituents using liquid chromatography high-resolution

electrospray ionization mass spectrometry (LC-HR-ESI-MS) included 49 compounds: 14 flavonoids, 10

caffeic acid esters, 7 phenolic acids, and other constituents. M. piperita showed the highest cytotoxicity

to HepG2 (human hepatoma), MCF-7 (human breast adenocarcinoma), and CACO2 (human colon

adenocarcinoma) cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays.

OPLS-DA and dereplication studies predicted that the cytotoxic activity was related to benzyl

glucopyranoside-sulfate, a lignin glycoside. Furthermore, M. viridis was effective in suppressing the

growth of Helicobacter pylori at a concentration of 50 mg mL�1. OPLS-DA predicted that this activity

was related to a dihydroxytrimethoxyflavone. M. viridis extract was formulated with Pluronic® F127 to

develop polymeric micelles as a nanocarrier that enhanced the anti-Helicobacter activity of the extract

and provided minimum inhibitory concentrations and minimum bactericidal concentrations of 6.5 and

50 mg mL�1, respectively. This activity was also correlated to tentatively identified constituents, including

rosmarinic acid, catechins, carvone, and piperitone oxide.
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1. Introduction

The genus Mentha in the family Lamiaceae (Labiatae) is highly
complex, including 61 species and hundreds of subspecies,
varieties, and cultivars.1,2 Mint has been used worldwide since
ancient eras in its fresh or dried forms as it displays numerous
benecial properties.3,4 This wide and signicant bioactivity is
typically correlated with the diversity of the secondary metab-
olites of this genus.3,5 Chemical proling of Mentha species
conrms the presence of volatile constituents and poly-
phenolics, including avones, avonols, avanones, phenolic
acids, and tannins.6–9 Hydroxycinnamic acid derivatives, chiey
rosmarinic acid, are widely spread in the family Lamiaceae and
predominate other phenolics. These phytoconstituents show
important biological and pharmacological activities, including
antioxidant, antiviral, antiobesity, and antibacterial effects.10–13

Many investigations of Mentha species are available; however,
the interest in studying mint and its application in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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pharmaceutical formulations is continuous. All species in this
genus display multiple bioactive constituents that show no side
effects, even in doses ten times higher than their therapeutic
doses. Therefore, they are highly safe in therapy, and investi-
gation of their possible activities is of high importance.

Plantmetabolomics is crucial for improving our understanding
of metabolite levels, facilitating differentiation, quantitation, and
comparing the large numbers of secondary metabolites.14 Further,
metabolomics contributes signicantly to the study of differences
between plant phenotypic and genotypic physiology and biology
when combined with functional genomics.15

Cancer is considered to be a signicant global health
problem, accounting for many thousands of deaths; therefore,
exploring new drugs and chemotherapeutics to improve treatment
are of high priority with a main target to overcome their fatal side
effects. Therefore, a current focus on the potential of natural
products as anticancer candidates and investigation of their
activity is favored to minimize the side effects of chemically
derived drugs and benet from their high therapeutic value.16,17

Moreover, peptic ulcers are considered a major global health
problem, and one of their main causes is infection with Heli-
cobacter pylori bacteria. This bacterium is a agellated, Gram-
negative coccobacillus that affects 50% of the world's pop-
ulation. Its prevalence is higher in developing countries than in
developed countries.18 H. pylori cases are associated with severe
pathologies, including gastric cancer and peptic ulcer.19

Different treatment regimens are proposed to eradicate H.
pylori, including the use of two or more antibiotics coupled with
a proton pump inhibitor.20 Antimicrobial resistance is a leading
cause of standard triple therapy failure inmost countries, which
highlights the need for alternative compounds with proven
antimicrobial activity. Natural products are excellent sources
that may allow the discovery of synthesized active constituents
or derivatized secondary metabolites to provide new antimi-
crobials that successfully overcome bacterial resistance.

However, the conventional administration of natural drugs
is hindered due to their low solubility, permeability, or
bioavailability. Finding suitable pharmaceutical dosage forms
to increase their absorption and their potency is in great
demand. Nanonization may be an appropriate strategy to
address these problems and improve the physicochemical prop-
erties of natural drug preparations.21 Polymeric micelles, as core/
shell nanoscale dispersion systems formed by self-assembly of
various amphiphilic block copolymers, may contribute as a dosage
form to help solve this problem. These micelles are characterized
by small sizes (�10–200 nm), biodegradability for easy elimina-
tion, ability to encapsulate poorly water-soluble drugs, high drug
loading capacity and reproducibility, and low cost.22–24 Nano-
particles enhance formulation parameters and improve the ther-
apeutic potential of hydrophobic drugs.25–27

Pluronic® F127 is a biodegradable and biocompatible poly-
mer that is used successfully to develop nanoscale polymeric
micelles. The polymer promotes the drug encapsulation,
permeation and therapeutic potential of various drugs28–31

The conventional use of Mentha species for the treatment of
gastrointestinal symptoms and its inclusion in German
Commission E lists for treatment of gastrointestinal
© 2021 The Author(s). Published by the Royal Society of Chemistry
disorders,32 in most cases without identication of phenotypic
plasticity and genetic variability because of extensive hybrid-
ization, triggered our interest in comparing the chemical
proles of veMentha species cultivated in Egypt:M. suaveolens,
M. sylvestris, Mentha � piperita, M. longifolia, and M. viridis.
Chemical components were assessed using liquid chromatog-
raphy with high-resolution electrospray ionization mass spec-
trometry (LC-HR-ESI-MS), followed by principal component
analysis (PCA). The objectives were to assess the cytotoxic and
anti-Helicobacter activities of different extracts and compare
them by orthogonal partial least squares discriminant analysis
(OPLS-DA) as well as to develop Pluronic® F127 polymeric
micelles as a nanocarrier for the most effective Mentha extract.
Further, in the study, we characterized the prepared systems to
investigate their improved antimicrobial activity against H.
pylori as an adjuvant treatment for peptic ulcer.
2. Material and experimental
methods
2.1. Plant material and extraction procedure

The medicinal plants studied were Mentha suaveolens, M. syl-
vestris and M. longifolia (L.) Huds sub-spp. schimperi Briq. The
voucher samples were kindly authenticated by Dr Gemma L.C.
Bramley, Curator of the Lamiaceae collection Herbarium
Department, Library, Art & Archives Directorate, Royal Botanic
Gardens, Kew, Richmond Surrey, U.K., Voucher No. M-20/313,
20-01-2020 II, and 25-6-2015, respectively. M. piperita and M.
viridis were kindly authenticated by Dr Mohamed El-Gebaly,
Senior Botanist at El-Orman Botanic Garden, Egypt (Voucher
No. 20-01-2020-I, 20-01-2020 V respectively). The leaves of each
plant under study were collected from the Experimental Station of
Medicinal and Aromatic Plants, Department of Pharmacognosy,
Faculty of Pharmacy, Cairo University, Cairo, Egypt, inMarch 2019.
Voucher specimens were deposited in the Herbarium of the
Department of Pharmacognosy, Faculty of Pharmacy, Cairo
University, Cairo, Egypt. The fresh leaves were air-dried at room
temperature, then ground into a ne powder. 100 g of each sample
was extracted with 70% ethanol (3� 200mL) for 30min in a water
bath at 50 �C.33 The samples were then cooled and ltered, and the
solvent was evaporated at 45 �C using a rotary evaporator (Buchi R-
300, USA) and stored at 4 �C until further use.
2.2. Anti-proliferative assay

2.2.1. Cytotoxic activity. The cytotoxicity of the 70% etha-
nolic extracts was evaluated in cell lines using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay.34 HepG2 (human hepatoma), MCF-7 (human breast
adenocarcinoma), and CACO2 (human colon adenocarcinoma)
cells were obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA; HPACC, Salisbury, UK) and were
maintained in RPMI medium (Merck, Darmstadt, Germany) sup-
plemented with 10% fetal bovine serum (FBS). Cancer cells were
cultured at 37 �C, 5% (v/v) CO2 in RPMI1640 medium supple-
mented with 5% (v/v) fetal bovine serum (FBS), 1% (w/v) L-gluta-
mine, 1% sodium pyruvate and 0.4% (w/v) antibiotics (50 U mL�1
RSC Adv., 2021, 11, 7318–7330 | 7319
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penicillin, 50 mg mL�1 streptomycin). Cells were routinely sub-
cultured twice per week. All chemicals and reagents were
purchased from Sigma Aldrich (Darmstadt, Germany). To
normalize the cell viability values, each plate included a triplicate
of cells treated with the compound carrier DMSO to dene 100%
viable cells as well as a triplicate of cells incubated with a cytotoxic
mixture (200 ng mL�1 Tumor Necrosis Factor (TNF), 200 ng mL�1

CD95L (Fas ligand), 200 ng mL�1 TNF-related apoptosis-inducing
ligand (TRAIL), 25 g mL�1 cycloheximide (CHX), 1% (w/v) sodium
azide) to dene maximal cell death and, thus, 0% viability. All
other viability values were normalized according to the averages of
these triplicates and analyzed by Graph Pad Prism 5 soware (La
Jolla, CA, USA).

2.3. Screening of the anti-Helicobacter activity of Mentha
species

2.3.1. Strain of Helicobacter pylori and culturing. Heli-
cobacter pylori ATCC® 43504™ was kindly obtained from the
Microbiology Department (Faculty of Medicine) of October 6
University Hospital, Giza, Egypt, on chocolate agar plates. Pure
colonies were sub-cultured directly onto supplemented
Columbia blood agar with DENT aer a positive urease test;
then, Gram staining of a smear prepared from the pure colonies
was performed. The cultures were incubated for a minimum of
3 days and a maximum of 7 days at 37 �C under microaerophilic
conditions (CO2 5%). The H. pylori strain was identied by
colony morphology, observing the characteristic spiral shape in
the Gram staining (Gram-negative), and positive oxidase and
catalase tests. The isolates were stored at �80 �C for 5 to 10
months in Columbia broth medium containing 15% glycerol.

2.3.2. Disc diffusion test. Kirby-Bauer disc diffusion was
used to analyze the susceptibility of H. pylori ATCC® 43504™ to
different Mentha species extracts.35,36 Each extract residue (50
mg) was dissolved in one mL of dimethyl sulfoxide (DMSO),
sterilized through a Millipore lter (0.22 mm) and then loaded
on a sterile lter paper disc (6 mm in diameter). Ten mL of sup-
plemented Columbia blood agar (CBA) medium was poured into
sterile Petri dishes (as a basal layer), followed by surface inocula-
tion ofH. pylori suspensions (100mL of brothmedium/3mL of 108

CFU) to attain a 0.5 MacFarland turbidity standard (0.5� 108 CFU
mL�1). Sterile lter paper discs loadedwithMentha species extracts
(50 mg mL�1) were placed on top of the supplemented Columbia
blood agar plates. Discs (6 mm diameter, Hi-Media, India) with 10
mg per disc of metronidazole and DMSO were used as a positive
and a negative control against H. pylori, respectively. The inhibi-
tion zones were measured by a Vernier caliper, recorded and
considered as an indication of antibacterial activity.37 The anti-
microbial activity was determined in triplicate.

2.4. LC-MS analysis

An Agilent 1100 HPLC Series system (Agilent, USA) equipped with
a degasser, binary gradient pump, column thermostat, autosam-
pler, and U.V. detector was used. The HPLC system was coupled
with an Agilent 1100 mass spectrometer (LC-MS analysis Ion
Trap V.L.). For the separation, a reverse-phase analytical column
was employed (Zorbax SB-C18, 100� 3.0 mm i.d., 3.5 mmparticle);
7320 | RSC Adv., 2021, 11, 7318–7330
the work temperature was 48 �C. The detection of the compounds
was performed in both U.V. and M.S. mode. The U.V. detector was
set at 330 nm until 17.5 min; then, it was set at 370 nm. The MS
system was operated using an electrospray ion source in negative
and positive modes. The chromatographic data were processed
usingChemStation andDataAnalysis soware fromAgilent, USA. The
mobile phase was a binary gradient: methanol and acetic acid 0.1%
(v/v). The elution started with a linear gradient, beginning with 5%
methanol and ending at 42% methanol, for 35 minutes; then, 42%
methanol was used for the next 3 minutes. The ow rate was 1
mL min�1 and the injection volume was 5 mL. Compounds were
qualitatively identied based on spectral matching of the signals and
spectra of each polyphenol with the available library and literature.
2.5. Preparation of the most effective Mentha extract
polymeric micelles

Preliminary screening using different concentrations of the
most effective Mentha extract and polymer ratios were per-
formed. Extract polymeric micelles with a 100 mg mL�1

concentration and an extract-to-polymer ratio of 1 : 3 were
nally developed. The formulae were prepared using the thin-
lm hydration method. Weights of 500 mg extract and 1.5 g
Pluronic® F127 were completely dissolved separately in 5 mL
methanol. Then, the two solutions were combined, and the
mixture was stirred for a further 15 min. The solvent was evapo-
rated to form a dried thin lm of the extract and polymer matrix
using either of the following methods. In the rst method, the
mixture was transferred to a porcelain dish and then was placed in
a domestic microwave (Microwave, LG, 2450 MHz, China) oper-
ating at a power of 1000W for a short pulse of 1min for 10 cycles to
achieve complete drying. For the second method, the mixture was
transferred to a round ask connected to a rotary evaporator
(Rotavapor, Heidolph VV 2000, Burladingen, Germany) rotated at
a rotation speed of 120 rpm and 50 �C for one h under vacuum.
The obtained dry lm for each case was hydrated with 5mL double
distilled water and stirred for 30 min to obtain a homogeneous
micellar dispersion (100 mg mL�1). The prepared formulae were
stored in tightly closed containers. They were codedMvP-M for the
formula prepared using a microwave and MvP-R for the formula
designed using the rotary evaporator.
2.6. Characterization of the prepared Mentha polymeric
micelles

2.6.1. Visual inspection and determination of particle size
(PS), polydispersity index (PDI) and zeta potential (ZP). The
prepared formulae were examined visually for appearance and
homogeneity.

The PS and PDI of 100-fold diluted formulae were deter-
mined at 25 �C by dynamic light scattering (DLS) using a Zeta-
sizer (Nano Z.S., Malvern, U.K.). Also, the ZP was measured to
investigate the physical stability. Measurements were per-
formed in triplicate at 25 �C.

2.6.2. Screening of anti-Helicobacter activity. The anti-
Helicobacter activity of the prepared formula was determined
using the disc diffusion test described in Section 2.4.2 using
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Cytotoxic activities of the crude extracts (IC50 mg mL�1)a

Tested sample (70%
ethanolic extracts) HepG-2 (liver) MCF-7 (breast) CACO2 (colon)

M. suaveolens*** 52.19 � 5.6 55.07 � 4.9 61.06 � 4.8
M. sylvestris*** 51.30 � 3.9 52.81 � 5.5 58.11 � 6.3
M. piperita* 11.52 � 4.2 7.97 � 5.6 13.72 � 3.3
M. longifolia*** 54.23 � 2.3 56.54 � 7.2 61.25 � 5.9
M. viridis*** 58.61 � 4.3 51.74 � 6.4 62.36 � 4.3
Doxorubicin 5.72 � 0.7 5.17 � 0.6 5.81 � 0.5

a The results were obtained from three independent replicate
experiments and expressed as means � standard deviation. The
statistical signicance of the results was tested using one-way Analysis
of Variance (ANOVA) and Tukey–Kramer multiple Comparisons Test
between Doxorunicin and the different plant extracts. The p value
signicance was represented as an asterisk (*) for p < 0.05 and three
asterisks (***) for p < 0.001.
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a concentration of 100 mg mL�1 for the most potent Mentha
extract and its formulae.

2.6.3. Determination of minimum inhibitory concentra-
tions (MICs) and minimum bactericidal concentrations (MBCs)
of the most effective Mentha extract and polymeric micelles.
The most effectiveMentha extracts (dissolved in DMSO), MvP-M
and MvP-R, were manipulated to determine their MICs and
MBCs. Broth microdilution was performed with 96-well U-
shaped bottom microtiter plates following Clinical and Labo-
ratory Standards Institute (CLSI) guidelines (2017).38,39

The tested samples were used in an initial concentration of
100 mg mL�1 and then serially diluted two-fold to obtain
concentrations in the range of 0.098–50 mg mL�1. The inoc-
ulum of H. pylori was prepared in Columbia broth, with the
OD600 nm adjusted to 0.5. Equal volumes (50 mL) of broth and
different concentrations of each sample were incubated at 37 �C
for 72 h under microaerophilic conditions. Bacteria-free broth
and 50 mL DMSO were used as a negative control. The bacterial
density was read at 620 nm using an ELISA reader. The lowest
concentration at which no bacterial density was determined was
the MIC value. The experiment was performed in triplicate.40

For MBC determination, 10 mL of mixtures containingMentha
extract and H. pylori as well as MvP-M and MvP-R (different
concentrations) were inoculated on respective agar plates (as
detailed above), and the bacterial counts were determined and
expressed as CFU mL�1 aer incubation at 37 �C for 72 h. The
MBC was determined as the lowest concentration at which the
incubated H. pylori strain showed no detectable colonies on the
respective agar plates. The experiment was performed three
independent times.

2.6.4. Surface morphology studies by transmission elec-
tronic microscopy (TEM). Based on the previous characteriza-
tion results, the formula with the best criteria was selected. The
morphology of the selected formula was investigated by TEM
(JEM-2100, Jeol® Tokyo, Japan). TEM offers valuable informa-
tion on the inner structure of a sample, such as its crystal
structure, morphology, and stress state information.41,42

A drop of a diluted aqueous dispersion of the formula was
dropped onto copper-coated carbon grids, dried, and stained
with 2% w/v phosphotungstic acid solution; then, the excess
was absorbed by lter paper.
2.7. Statistical analysis

Statistical analysis of the data was performed using one-way
ANOVA followed by Turkey multiple range tests. All the data
are presented as themean� SE of 3 determinations. The level of
signicance was set at p < 0.05. Statistical calculations were
performed using SPSS version 15.0 soware. The p value
signicance is represented as an asterisk (*) for p < 0.05, two
asterisks (**) for p < 0.01 and three asterisks (***) for p < 0.001.
3. Results and discussion
3.1. Cytotoxic activity

The ve extracts were tested for their cytotoxic activity against
three human cancer cell lines (Table 1). Only M. piperita was
© 2021 The Author(s). Published by the Royal Society of Chemistry
able to induce cytotoxicity towards the tested cell lines, with IC50

values ranging from 7–13 mg mL�1. Previous studies showed the
powerful anticancer effect against breast cell carcinoma of M.
piperita leaf extract ethyl acetate, with cellular apoptosis, inhi-
bition of proliferation, perturbation of oxidative balance, and
upregulation of Bax gene.43 Additionally, the reported phenolics
were demonstrated to scavenge cOH and superoxide free radi-
cals and to inhibit lipid peroxidation.44,45
3.2. Anti-Helicobacter activity of Mentha species

Different Mentha species were investigated for their effects
against the H. pylori strain using the disc diffusion method. The
results are recorded in Table 2. M. viridis, M. piperita, and M.
suaveolens caused suppression of bacterial growth at a concen-
tration of 50 mg mL�1, with inhibition zones of 14 mm, 12 mm,
and 10mm, respectively.M. viridis was the most effective extract
in retarding microbial growth of all the tested isolates. In
contrast, extracts of M. sylvestris and M. longifolia were not
effective (no zone of inhibition). Essential oils of M. viridis and
M. piperita were reported for their anti-Helicobacter activities.46
3.3. Tentative identication of the major phytoconstituents
in Mentha species

Metabolites were identied in the veMentha species using LC/
MS in both positive and negative modes, where the peaks were
identied using an in-house library. Forty-seven compounds
belonging to different classes have been tentatively identied,
including avonoids (13), hydroxycinnamic esters (12), organic
acids, phenolic acids, ascorbic acid, and riboavin (22). The
identities, retention times, and observed molecular and frag-
ment ions of the tentatively identied components are pre-
sented in Table 3. The caffeic acid esters identied were
salvianolic acid, chlorogenic acid, salvianolic acid B, sagerenic
acid, rosmarinic acid, salvianolic acid A, I, and didehy-
drosalvianolic acid, which are widespread in all the studied
plants. Other metabolites which were common in all species
include isomenlactone (perillic acid), naringin, ladanin (dihy-
droxy, dimethoxyavone), vanillyl alcohol, 11-cisretinoic acid,
RSC Adv., 2021, 11, 7318–7330 | 7321
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Table 2 Antibacterial activity tests of Mentha species (50 mg mL�1) against Helicobacter pyloria,b

Plant extracts

Helicobacter
pylori ATCC® 43504™

Zone of inhibition (mm)

M. suaveolens (50 mg mL�1)** 10 � 2.0
M. sylvestris (50 mg mL�1) —
M. piperita (50 mg mL�1)** 12 � 1.5
M. longifolia (50 mg mL�1) —
M. viridis (50 mg mL�1)** 14 � 1.5
Positive control (10 mg per disc of metronidazole) 17 � 0

a n ¼ 3, mean � SD. b The results were obtained from three independent replicate experiments and expressed as means � standard deviation. The
statistical signicance of the results was tested using one-way Analysis of Variance (ANOVA) and Tukey–Kramer multiple Comparisons Test. The p
value signicance was represented two asterisks (**) for p < 0.01.
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carvone, eugenol, riboavin, antheraxanthin, 9-cis retinol
acetate, and piperitone oxide. Those results were in agreement
with those reported for other Mentha species.47–49 M. viridis,
which showed the best anti-Helicobacter activity, was tentatively
identied to contain a variety of active constituents, including
protocatechuic, shikimic, homovanillic, ferulic, salvianolic,
sagerinic, and rosmarinic acids, in addition to the presence of
avonoids, such as gallocatechin, hesperidin, epicatechin, and
naringin, and monoterpenes, such as carvone and piperitone
oxide. Catechins have been reported to eradicate H. pylori when in
combination with sialic acid.50 Rosmarinic acid was also proved to
have an excellent drug-like prole in an in silico screening of shi-
kimate kinase, showing a possible synergistic effect with many
antibiotics.51 Additionally, monoterpenes have been proved to have
gastroprotective and possible anti-Helicobacter effects.52 Mean-
while, M. piperita, which showed the best cytotoxic activity, was
distinguished by its phenolic acid as well as its avonoid contents
in addition to the presence of salvadoside, a lignan glycoside
previously identied in Salvadora persica;53 these epoxy carotenoids
represent lipophilic-active compounds of xanthophylls in foods
and play a great role in cancer prevention,54,55 including viola-
xanthin, previously identied in Mentha species,48 and the main
constituent in Dunaliella tertiolecta, which demonstrated a power-
ful antiproliferative effect against breast cell carcinoma56 in addi-
tion to antheraxanthin.

3.4. Metabolomics analysis

To widen the coverage of the metabolome of Mentha, the posi-
tive and negative mass spectral data were combined into one
data matrix. The data were processed viaMZmine2 according to
a method developed previously in our lab.57 The processed data
were then moved into an in-house database Excel le with
a built-in Dictionary of Natural Products Database (DNP) for
dereplication purposes.58 Principle component analysis (PCA)
was performed to test the similarity and/or the variation in the
chemical proles among the tested species. PCA is an unsu-
pervised multivariate data analysis that aims to reduce the
dimensionality of the data to reveal clusters, groups, and/or
outliers among the observations.59 The PCA score plot
(Fig. 1A) showed respective total variances of 81% and 10% for
7322 | RSC Adv., 2021, 11, 7318–7330
PC1 and PC2 and demonstrated the clustering of M. suaveolens
and M. sylvestris extracts (UA-62 and UA-64, respectively). This
result indicated the similar chemical ngerprints of those
extracts. Moreover, PCA showed a dispersal ofM. viridis (UA-66),
M. piperita (UA-65) and M. longifolia (UA-63) extracts, which
demonstrated their unique chemical proles. The PCA loading
plot (Fig. 1B) highlighted the metabolites that contributed to
this variation, as M. viridis (UA-66) extract was characterized by
molecules at m/z (retention time in minutes) 345.097 [M + H]+

(tR 5.65) and 305.069 [M�H]� (tR 2.48). The former corresponds
to a dihydroxytrimethoxyavone, equivalent to a molecular
formula of C18H17O7

+, while the latter is equivalent to the
molecular formula of C15H13O7

�, which corresponds to gallo-
catechin in the DNP database. Moreover,M. piperita extract (UA-
65) was distinguished by the presence of discriminatory
metabolites at m/z [M � H]� 349.059 (tR 2.22) and 408.042 (tR
1.75). They are respectively equivalent to C13H18O9S, which
corresponds to benzyl glucopyranoside-sulfate or salvadoside.
Sulphated glycosides have been previously reported in Mentha
� piperita.47 To investigate which compounds are mediating the
biological activity of M. piperita extract, a supervised multivar-
iate data analysis was carried out. Orthogonal partial least
squares discriminant analysis (OPLS-DA) was applied to high-
light the molecules that are highly correlated with the biological
activity. The OPLS-DA score plot (Fig. 2A) demonstrated
complete discrimination between the active extract M. piperita
(UA-65) and the other inactive Mentha species. The model's
measures for the goodness of t R2 ¼ 0.91 and prediction Q2 ¼
0.67 indicate a strong t model with a high predictive power.
The coefficient of variation plot (Fig. 2B) is a very useful tool to
compare the variable magnitude against its reliability, where
regression coefficients related to center-scaled X-variables are
displayed. This scaling of the data enables comparison of the
coefficients. Thus, these coefficients express how strongly Y
(biological activity) is correlated to the systematic part of each of
the X-variables. Themolecules highly correlated withM. piperita
activity were checked, and only those with high coefficients of
variation, with high VIP (variable importance), and whose 95%
condence level limits did not cross zero were chosen. The
descriptive statistics of the model, including the coefficient of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Principal component analysis (PCA) of different Mentha species: score plot (A) and loading plot (B) of the high-resolution mass spec-
trometry (LC-HRMS) data.
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variation, VIP, and 95% condence limits, led to the signicant
elements atm/z [M�H]� 349.059 (VIP 5.35, tR 2.22) and 408.042
(VIP 5.15, tR 1.75), which were highlighted previously in the
principle component analysis as distinguishing for M. piperita.
The molecule at m/z 349.059, equivalent to C13H17O9S

�, was
dereplicated by DNP as benzyl glucopyranoside-sulfate or sal-
vadoside. This lignin glycoside was reported previously in Sal-
vadora persica,53 Tribulus terrestris,60 Tricalysia dubia,61 and
Dillenia philippinensis.62 It was only tested against Leishmania
and A549 human lung adenocarcinoma cells and showed no
signicant effect.62 The OPLS-DA score plot (Fig. 3A) demon-
strated complete discrimination between the active extract M.
viridis (UA-66). The molecules highly correlated with M. viridis
© 2021 The Author(s). Published by the Royal Society of Chemistry
activity were checked, and only those with high coefficients of
variation, with high VIP (variable importance), and whose 95%
condence level limits did not cross zero were chosen. The
descriptive statistics of the model, including the coefficient of
variation, VIP and 95% condence limits, led to the identica-
tion of signicant elements at m/z [M + H]� 345.097 (VIP 10.38,
tR 5.65) identied as dihydroxytrimethoxyavone and equiva-
lent to C18H17O7

+, in addition to 375.108 (VIP 4.98, tR 6.008) and
359.114 (VIP 5.18, tR 6.91) Methoxylated avones have shown
their possible potential as anti-Helicobacter agents63 and were
highlighted previously in principle component analysis of M.
viridis and other species.
RSC Adv., 2021, 11, 7318–7330 | 7325
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Fig. 2 (A) Orthogonal partial least squares discriminant analysis (OPLS-DA) score plot of the active fractions (green circle) versus inactive
fractions (blue circle). (B) S-Loading plot showing the putatively active metabolites for cytotoxic activity.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
4/

20
25

 2
:5

1:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.5. Preparation of M. viridis polymeric micelles

Two Pluronic® F127micellar formulae loaded withM. viridis extract
were prepared at a concentration of 100mgmL�1 with an extract-to-
polymer ratio of 1 : 3 to improve the solubility and antimicrobial
activity of the extract. Twomethods were used to form the dried thin
lm of the extract and polymer mixture for preparation of the
micelles: a microwave method and a rotary evaporator method. The
rotary evaporator method is commonly used for the preparation of
polymeric micelles.29–31 However, the introduction of microwave
offers a faster alternative mode of drying.64 Themicrowave was used
successfully for the development of different formulations.65–67
3.6. Characterization of M. viridis polymeric micelles and
their anti-Helicobacter potential

Visual inspection revealed that both MvP-M and MvP-R were
uid homogeneous dispersions showing no agglomerations or
phase separation. The results of the mean size diameter, PDI,
zeta potential, and antimicrobial assessment are recorded in
Table 4. Both formulae showed particle sizes in the nanometer
range with PDI values less than 0.4, indicating good size
distributions. Also, both formulae had high zeta potentials,
indicating good physical stability of the prepared micelles.
7326 | RSC Adv., 2021, 11, 7318–7330
However, a signicant difference (at p < 0.05) was recorded for
the antimicrobial activity data, as illustrated by a higher zone of
inhibition and lower MIC and MBC for MvP-R compared with
both MvP-M and the plain M. viridis extract.

TheMIC andMBC results conrmed the potency ofM. viridis
extract against the H. pylori strain. Meanwhile, incorporation of
the extract in Pluronic® F127 polymeric micelles enhanced this
activity signicantly; it displayed lower MIC and MBC values of
6.25 and 50 mg mL�1 against H. pylori, whereas the extract
showed values of 25 and 100 mg mL�1, respectively.

The ability of the polymeric micelles formula (MvP-R) to
improve the antimicrobial activity is due to the increased drug
solubility and the size of the nanocarriers, which enhance the
penetration of the extract micelles through the bacterial cell wall
and improve their efficacy against the target microorganism.68,69

Unfortunately, MvP-M showed lower antimicrobial activity than
the plain extract, as the usage of the microwave in preparation of
this formula could cause an increase of temperature during drying
of extract/polymer dispersion. The elevated temperaturemay cause
partial degradation of the extract constituents and, consequently,
a reduction of their antimicrobial activity.64

The morphology of the MvP-R formula under TEM (Fig. 4)
shows spherical structures of the prepared M. viridis polymeric
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Orthogonal partial least squares discriminant analysis (OPLS-DA) (green circle) versus inactive fractions (blue circle). (B) S-Loading plot
showing the putatively active metabolites for anti-Helicobacter activity.
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micelles with a mean diameter of about 65 nm, which is smaller
than the results obtained by DLS (112 nm). The size difference
can be explained by the fact that DLS measures the hydrody-
namic diameter of micelles, whereas TEM measures the size of
the dried particles.23
Table 4 Characterizations of the prepared M. viridis polymeric micelles

Formula PS (nm) PDI Zeta pote

Pure extract (100 mg mL�1) NDa ND ND
MV-M** 114.9 � 7.98 0.228 � 0.006 �29.6 �
MV-R** 112.2 � 1.72 0.37 � 0.005 �31.0 �
a ND: not determined. b n ¼ 3, mean � SD. c The results were obtained fr
standard deviation. The statistical signicance of the results was tested us
Comparisons Test between pure extract and the prepared formula and the
asterisk (*) for p < 0.05 and two asterisks (**) for p < 0.01.

© 2021 The Author(s). Published by the Royal Society of Chemistry
4. Conclusion

Metabolic proling of ve Mentha species cultivated in Egypt was
studied via LC-ESI-MS, whereas the discrimination was based on
PCA analysis. Characterization of those phytoconstituents showed
b,c

ntial (mV)
Zone of inhibition
(mm) MIC (mg mL�1) MBC (mg mL�1)

16 � 1.5 25 � 0.0 100 � 0.0
0.31 13 � 1.5 >100 ND
0.60 20 � 2.0 6.25 � 0.0 50 � 0.0

om three independent replicate experiments and expressed as means �
ing one-way Analysis of Variance (ANOVA) and Turkey-Kramer multiple
tested formulae together. The p value signicance was represented as an

RSC Adv., 2021, 11, 7318–7330 | 7327
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Fig. 4 Transmission electronic microscopy (TEM) images of the M. viridis polymeric micelles (MvP-R).
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a diversity of compounds, including avonoids, phenolic acids, and
caffeic acid esters. Cytotoxic and anti-Helicobacter activities were
assessed for the ve species, where M. piperita and M. viridis
exhibited the most prominent effects, respectively. Those activities
were correlated with the chemical prole using OPLS-DA, where
a lignin glycoside and a methoxylated avone were responsible for
those effects, respectively. Polymeric micelles were prepared for M.
viridis, the most active anti-Helicobacter species, using two meth-
odologies, namely rotary evaporator and microwave; similar sizes
and zeta potentials were obtained, but higher antimicrobial activity
was observed with the micelles prepared using a microwave.
Pluronic® F127 polymeric micelles were found to present promise
as nanocarrier for Mentha extract and to improve its antibacterial
activity against H. pylori compared with the plain extract, and they
could be used as adjuvant therapy for ulcer treatment.
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