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Abstract: Terpenes, such as thymol and carvacrol, are phe-
nols that exhibit antioxidant and antimicrobial activities
but are unstable in the presence of light or oxygen. Layered
hydroxide salts are laminar compounds that can host
molecules in their interlaminar space, protecting them
from degradation and delivering bioactive molecules in a
sustained manner. In the present study, hybrids composed
of brucite, thymol, or carvacrol were synthesized by pre-
cipitation and anion-exchange process. The structure was
confirmed by X-ray diffraction, and characteristic hexa-
gonal morphology was verified by scanning electronic
microscopy. The antibacterial activity of hybrids was
evaluated against foodborne pathogens (Escherichia coli,
Salmonella Enteritidis, Listeria monocytogenes, and
Staphylococcus aureus), obtaining an inhibition of 80% for
both Gram-positive and -negative bacteria, while inhibition
of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) was
65% for carvacrol and 93% for thymol. Finally, the exposi-
tion of hybrids to Artemia salina proved to be non-toxic up
to 200mg·mL−1. The results suggest that these hybrids can

control pathogen growth and exhibit antioxidant activity
without threatening consumers’ health in the case of con-
sumption, which helps develop novel and safe products
applied in the food industry.
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1 Introduction

Foodborne illnesses constitute a significant health problem
worldwide; in 2015, the World Health Organization esti-
mated that every year in the Americas Region, 77 million
people were sick, and more than 9,000 died from food-
borne illness [1]. Among the foodborne disease-causing
organisms identified, Campylobacter, pathogenic Escheri-
chia coli, Salmonella spp., Listeria monocytogenes, Staphy-
lococcus aureus, Clostridium botulinum, Clostridium per-
fringens, Shigella, Vibrio, and Yersinia enterocolitica are the
most common foodborne pathogens associated with foods
such as red meat, fish and shellfish, bivalves, dairy products,
poultry, fruits, and vegetables [2–4]. For this reason, in the
food industry, a set of chemical and physical treatments are
carried out to eliminate, reduce, or control the presence of
pathogenic microorganisms in food. The control of etiological
agents by applying physical conservation methods includes
heat treatments and ultraviolet radiation, ionizing radiation,
high pressure, and pulsed electric fields [5]. Chemical
methods include the use of antimicrobial substances that
inhibit microbial growth by acting on specific targets such
as the cell membrane, enzymes, and the genetic material of
bacteria [6].

An example of chemical methods is the use of bioac-
tive compounds such as carvacrol and thymol, which are
monoterpenes found in the essential oils extracted from
plants belonging to the Lamiaceae family of the genera
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Origanum, Thymus, Coridothymus, Thymbra, Satureja, and
Lippia. Both substances inhibit the proliferation of Gram-
positive and Gram-negative bacteria since they can damage
their outer membranes. In addition, given the hydrophobic
nature of thymol and carvacrol, they can integrate into bac-
terial cell membranes, causing disruption and alteration of
their functionality, which leads to increased permeability of
the cytoplasmic membrane [6–10].

Simple layered hydroxides (LHSs) are synthetic brucite-
like structures that comprise hydroxylated layers with
positive electrostatic charges stabilized by anions between
layers, joined together by van der Waals forces [11]. Further-
more, they are promising materials owing to their pro-
perties like chemical and thermal stability, the ability to
intercalate different types of anions (inorganic, organic,
and biomolecules), sustained delivery of intercalated anions,
and high biocompatibility [12]. Hybrid materials have
proved to combine the properties of the LHS and the
counter anion, sometimes a biomolecule, improving
the solubility of hydrophobic compounds and increasing
the systems in which they can be incorporated [12].

In this study, layered magnesium hydroxide com-
pounds with thymol (LHS-Mg+T) and carvacrol (LHS-Mg+C)
were synthesized through precipitation and ion exchange.
X-ray diffraction (XRD), scanning electron microscopy (SEM),
and Fourier transform infrared (FTIR) spectroscopy were
employed to elucidate the composition and structure of the
nanohydroxide; antioxidant activity was determined using
the 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
technique, and antimicrobial activity was evaluated using
the well diffusion technique, microdilution, and minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) against foodborne pathogens E. coli,
S. aureus, L. monocytogenes, and Salmonella Enteritidis.
Finally, the toxicity of hybrids was evaluated in the Artemia
salina model.

2 Materials and methods

2.1 Materials

The magnesium LHS compounds with thymol (LHS-Mg+T)
and carvacrol (LHS-Mg+C) were synthesized using MgCl2
hexahydrate (FAGA LAB, Mexico), fructose 1% (Food
Technologies Trading Co., Mexico), NaOH 0.1 M (Golden
Bell Co., Mexico), thymol, and carvacrol (Sigma-Aldrich
Inc., USA). Distilled water was used during the experi-
mental period.

2.2 Synthesis of nanohydroxides and hybrids

The synthesis of magnesium nanohydroxides by precipita-
tion (LHS-Mg) followed the methodology described by
Wang et al. [13] with some modifications. Briefly, 0.04 g·mL−1

of MgCl2 hexahydrate and 1% fructose as a reducing agent
were dissolved in 100 mL of distilled water under con-
stant stirring (IKA, Wilmington, USA) until the reagents
were completely dissolved. Then, 0.1 M NaOH was added
dropwise until a final pH of 11 and a white precipitate
formed, allowing it to stabilize for 24 h at room tempera-
ture with constant stirring.

Subsequently, two washes with distilled water were
performed by centrifugation (LZ-1580R, LaboGene, Yuseon-
gu, South Korea) at 10,000 rpm for 10min at 25°C. Finally, the
precipitate was dried in a forced convection oven (FE-291,
Felisa, Guadalajara, Mexico) at 40°C for 48 h and reserved
until use.

To prepare the hybrid material with thymol and car-
vacrol, 50 mL of a solution of each compound was pre-
pared at a concentration of 5 mg·mL−1; then, 500 mg of
LHS-Mg was added with constant stirring for 2 h. For the
recovery of the precipitate, two washes were carried out
under the conditions previously mentioned. Finally, the
precipitate was dried in a forced convection oven at 40°C
for 48 h and reserved until use [14].

2.3 Characterization

X-ray diffractograms were recorded in an Empyrean X-ray
diffractor (Panalytical, Malvern, UK) using CuKα radiation
at a 2θ angle between 5° and 70°, with a step of 0.02 and a
collection time of 30 s. The analysis of the surface mor-
phology of the nanohydroxides was carried out by SEM.
The dried materials were placed in a sample holder over-
laid with gold for 20 s; then, the micrographs were taken on
a FE-SEM microscope (MIRA 3 LMU, TESCAN, Brno, Czech
Republic) with an accelerating voltage of 15 kV. FTIR spectra
were recorded in a spectrophotometer Cary 630 (Agilent
Technologies, Santa Clara, USA) in absorbance mode in a
wavenumber interval of 4,000–400 cm−1, with 32 scans
and 4 cm−1 of resolution [14].

2.4 Antioxidant activity

The antioxidant activity of hybrids was evaluated with the
inhibition of the ABTS radical. The methodology reported

2  Castorena-Sánchez A. M. et al.



by Li et al. [15] with modifications was tested. Briefly,
280 μL of an ABTS solution previously adjusted to an absor-
bance of 0.7 at 750 nm was added to a 96-well microplate
with 20 μL of solutions of the materials in ethanol (1:1 m/v).
The plate was incubated for 15 min at room temperature in
the dark. Then, absorbance was measured in a 96-well
microplate reader (BioRad iMarkTM, CA, USA) at 750 nm;
the percentage of inhibition was calculated with Eq. 1.
Ethanol was used as negative control, while positive con-
trol was a solution of Trolox (50–400 μg·mL−1) used for
comparison:

[( )]
( ) =

−
×

A A

A
Inhibition % 100

0 1

0

(1)

where A0 is the absorbance of the control and A1 is the
absorbance of the sample.

2.5 Antimicrobial evaluation

Simple bioactive compounds (thymol and carvacrol) and
hybrid materials were evaluated against four bacterial
strains: E. coli ATCC 8739, S. aureus ATCC 25923, L. mono-
cytogenes (isolated from fresh cheese), and Salmonella
Enteritidis from clinical cases. Bacteria were cultivated in
Müller–Hinton broth (MHB) (DIFCO, USA) and incubated at
37°C for 18–24 h. Then, the concentration was adjusted to
1 × 108 cells·mL−1 with an optical density measured at
600 nm in a UV-Vis spectrophotometer (OPTIZEN, 131
Mecasys, South Korea).

Plate microdilution was performed in a 96-well micro-
plate to determine the antimicrobial effect of LHS-Mg,
bioactive compounds, and hybrids. Briefly, 160 μL of
MHB was inoculated with 20 μL of 1 × 108 CFU·mL−1 of
each strain, and then 20 μL of the bioactive compound,
LHS, or hybrid at a concentration of 100 mg·mL−1 were
added. Plates were incubated for 24 h at 37°C; PBS was
used as a negative control, while 0.1% gentamicin (m/V)
was a positive control. After incubation, plates were read
at 600 nm in a BioRad microplate reader (BioRad, iMarkTM,
CA, USA), and the percentage of inhibition was calculated
with Eq. 2:

( )
=

− ×A B

A
% reduction

100 (2)

where A is the absorbance of the control and B is the
absorbance of the treated compounds.

As for the well diffusion method, 100 μL (1 × 108

CFU·mL−1) of the strains were inoculated by surface exten-
sion on Müller–Hinton agar (MHA); it was allowed to dry,
and perforations were made with sterile tips (10 mm in

diameter). Then, 60 μL of each bioactive compound and
each hybrid material were placed. Finally, the plates were
incubated for 24 h at 37°C, and the inhibition halos were
measured. Positive and negative controls were the same
as microdilution.

The MIC and MBC values were determined based on
the methodology described by Gonçalves et al. [16] and the
Clinical Laboratory Standards Institute [17]. The concentra-
tions of the hybrid materials, thymol, and carvacrol, were
determined using the methodology of Vasconcelos et al.
[18] in 96-well microplates, with some modifications. Each
well contained 160 μL of MHB, 20 μL of the inoculum (1 × 108

CFU·mL−1), and 20 μL of standard or hybrid material with a
50–500mg·mL−1 concentration. The microplates were incu-
bated for 24 h at 37°C. Then, 30 μL of a 0.1 mg·mL−1 resazurin
solution (Sigma-Aldrich, USA) was added to each well, and
plates were incubated for 75min at 37°C to observe the color
change. Cell viability can be elucidated according to the
color change of resazurin from blue to pink (resorufin).
Serial dilutions were made for each well, and 100 μL was
transferred to MHAwith surface extension. After incubation
with the same conditions previously used, colonies were
counted. MIC was determined as the minimum concentra-
tion in which the inhibition was observed, while MBC was
selected as the concentration where growth was absent.

2.6 Brine shrimp bioassay

In order to determine if hybrids exhibit cytotoxic effects,
an evaluation with Artemia salina was conducted [19].
A. salina eggs were hatched in artificial seawater (34 g
NaCl·L−1) at 28°C with constant light and aeration for 24 h.
Then, 10 nauplii were transferred to 6-well microplate with
5mL of artificial seawater and 7mm Whatman No. 4 filter
papers wetted with LHS-Mg, LHS-Mg+T, or LHS-Mg+C solu-
tions at different concentrations (50–200mg·mL−1). Hexane
was used as the positive control. After 24 h, dead nauplii
were counted, and the percentage of mortality was deter-
mined using Eq. 3:

= ×M
N

N
% 100

m

T

(3)

where Nm is the number of dead nauplii and NT is the
number of total nauplii at the beginning of the test.
Toxicity was specified according to Clarkson criteria [20],
and lethal dose (LD50) was estimated with the PROBIT
method [21] classifying the materials as non-toxic if LD50

> 1,000 μg·mL−1, slightly toxic when 500 μg·mL−1 < LD50 <

1,000 μg·mL−1, moderately toxic if 100 μg·mL−1 < LD50 <

500 μg·mL−1, and extremely toxic when LD50 < 100 μg·mL−1.
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2.7 Statistical analysis

All the experiments were performed in triplicate (±SD),
and the results were analyzed using ANOVA, followed by
the Tukey HSD test with a p-value ≤ 0.05 using the Statgraphics
Centurion (Statgraphics Centurion XVIII, version 18.1.12, USA)
statistical program. In addition, illustrations were created
using Origin 2022 (OriginLab Inc., USA).

3 Results and discussion

3.1 XRD analysis

Figure 1 depicts the XRD diffractogram for magnesium-
layered hydroxide (LHS-Mg), thymol (LHS-Mg+T), and car-
vacrol (LHS-Mg+C) hybrids. All diffractogram peaks match
the characteristics of brucite (ICDD Card No. 44-1482),
demonstrating that brucite was obtained during the synth-
esis of LHS and hybrids [13]. Interestingly, the LHS-Mg+T
diffractogram exhibits a first signal at 7.93° in the 2θ angle,
which suggests a possible partial intercalation of thymol in
the interlaminar space of the LHS due to the expansion of
the space between layers according to Bragg’s law [14].
Furthermore, the lower intensity peaks that appear in
the range from 15° to 30° can be associated with diffraction
peaks characteristic of thymol [22]. Both hybrids showed
wider signals at each diffraction angle compared to LHS-
Mg, indicating a reduction of particle crystallinity, possibly
due to interactions of bioactive compounds on the surface
of pristine compounds [23]. Also, the widening of the signal
indicated as (001) is because of the substitution of water

and OH− in the interlaminar space for the biomolecules
from the layered compound to the respective hybrids [24].

3.2 SEM

Figure 2 depicts SEM micrography of LHS-Mg and hybrids.
The characteristic hexagonal structure found in layered
compounds was obtained for LHS-Mg (Figure 2a); small
granules observed on the surface can also be attributed
to the reducing agent. Reducing agents are added since it
has been demonstrated that they control the growth rate of
crystals, favoring the interaction between the crystal inter-
phase and solvent [25]. Figure 2b shows an abundant forma-
tion of lamellar structures approximately 0.045 µm thick. In
contrast, LHS-Mg+T and LHS-Mg+C produced larger size
crystals, modifying their crystallinity as demonstrated by
DRX analysis. Both terpenes formed a web-type structure
around the brucite, similar to a coral (Figure 2c), which
can result from the exposition of hydrophobic groups pre-
sent in thymol and carvacrol molecules [26]. It is worth
mentioning that substituting structural cations with other
ions with less valence produces a charge deficiency on
layers, which can be neutralized with adsorbed species
located in the interlayer space [27]. When substituting
anions in a layered compound, crystals grow in larger
shapeless aggregates, as can be seen using positive ions
such as copper [24].

3.3 FTIR analysis

FTIR spectra of brucite and hybrids are depicted in Figure 3.
The signal around 3,700 cm−1 is associated with –OH vibra-
tions, typical of LHS structures. In contrast, signals below
1,000 cm−1 can be attributed to metal bonds, confirming the
formation of the brucite in the three materials. In the case of
LHS-Mg+T, a small peak can be observed at around
2,900 cm−1, a signal corresponding to a stretch of C–H
bonds of the organic compound. Also, at around 1,430 cm−1,
thymol and carvacrol hybrids exhibit an arm compared to
brucite alone, corresponding to C–H bonds [28,29].

3.4 Antimicrobial evaluation

The antibacterial activity of LHS-Mg, LHS-Mg+T, LHS-Mg
+C, thymol, and carvacrol by microdilution was testedFigure 1: XRD diffractograms of LHS-Mg, LHS-Mg+T, and LHS-Mg+C.
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against four foodborne pathogens. Figure 4 depicts the
percentage of inhibition for each bacterial strain. The
interaction of bioactive compounds with brucite is con-
firmed due to the increasing rate of inhibition of hybrids
compared to the LHS alone. E. coli (Figure 4a) exhibited

higher values of inhibition in comparison with gentamicin
in both cases, while for S. aureus (Figure 4b) and Salmonella
Enteritidis (Figure 4d), the increase exhibited for carvacrol
in combination with brucite was significantly higher than
when bioactive or brucite was used. However, the growth
inhibition of L. monocytogenes (Figure 4c), although not sig-
nificant, had a decrease in inhibition percentage. Similar
results for E. coli and S. aureus were found by Clavier
et al. [24] when exposing the bacterial strains to brucite
nanoparticle solution at a concentration of 1 mg·mL−1.

These results are in accordance with the ones obtained
in the well diffusion test (Table 1), where inhibition halos
increased for E. coli, S. aureus, and Salmonella Enteritidis.
Carvacrol and LHS-Mg+C produced the same diameter with
all strains, except S. aureus. However, in the case of L. mono-
cytogenes, the diameter was higher for thymol and LHS-Mg
+T than for LHS-Mg.

MIC values were not detected in the range of concen-
trations evaluated for bioactive compounds and hybrids,
as shown in Table 2. MBC values were around 200mg·mL−1

for bioactive compounds alone and hybrids but layered

Figure 2: SEM micrographs of (a) LHS-Mg, (b) LHS-Mg+T, and (c) LHS-Mg+C.

Figure 3: FT-IR spectra for LHS-Mg, LHS-Mg+T, and LHS-Mg+C.
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Figure 4: Bacterial growth inhibition of magnesium LHS, thymol, carvacrol, and hybrids. (a) E. coli, (b) S. aureus, (c) L. monocytogenes, and (d) Salmonella
Enteritidis. Different letters indicate statistical differences (p < 0.05).

Table 1: Diameters of inhibition halos for bioactive compounds and hybrids

Material Inhibition halo (mm)

E. coli S. aureus L. monocytogenes Salmonella Enteritidis

Gentamicin 17 ± 1.0c 20 ± 2.5c 20 ± 0.0b 23 ± 1.2b

LHS-Mg 15 ± 1.2cd 14 ± 0.6d 16 ± 2.0c 12 ± 2.0c

Thymol 23 ± 1.1b 21 ± 1.2c 25 ± 2.3a 35 ± 5.0a

LHS-Mg+T 49 ± 6.4a 46 ± 1.1a 27 ± 4.2a 47 ± 9.9a

Carvacrol 13 ± 1.0d 15 ± 8.1cd 14 ± 2.0cd 15 ± 1.2c

LHS-Mg+C 13 ± 1.2d 35 ± 6.1b 13 ± 1.2d 15 ± 1.2c

Results are mean ± SD from three replicates.
Different uppercase letters indicate statistical difference (p < 0.05).
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magnesium hydroxide reached values above 300 mg·mL−1.
At the same time, brucite exhibited values from 100 to
300mg·mL−1 for some bacterial strains.

It has been proposed that magnesium nanoparticles
can inhibit bacterial growth due to OH− radicals inter-
acting with the cell membrane, increasing its pH and pro-
voking cell death [30]. Depending on whether the bacteria
are Gram-positive or -negative, this mechanism may vary
since, in the latter, the presence of lipopolysaccharides
may limit the diffusion of hydrophobic compounds [31].
Other mechanisms through which layered compounds
exhibit antibacterial activity are due to the formation of
reactive oxygen species (ROS), superoxide ions, or hydrogen
peroxide, which can oxidize the lipid membrane and favor
cellular content leakage, altering metabolic processes and
provoking cell death [32].

The size and surface charge of nanoparticles also play
a crucial role in antibacterial activity. Magnesium nanosheets
may interact with bacterial cells attaching to the cell mem-
brane and then integrating inside the cell, destroying and
inactivating the cell wall [33]. Bioactive compounds like
thymol and carvacrol interact with the cell membrane,
generating pores and leading to cell content leakage [34].
Modifying the surface of layered compounds has been
demonstrated to increase the antimicrobial activity of
these materials. It has been proved that functionalizing
magnesium LHSs with poly (sodium 4-styrene sulfonate)
or poly(allylamine hydrochloride) increases the inhibition
of microorganisms like E. coli or S. cerevisiae since the
combination of materials improves the attachment to cell
walls, promoting its disruption and, in consequence, cell
death [35,36]. Brucite structure has been used as a host for
the anti-tuberculosis antibiotic pyrazinamide (PZA) and
tested against E. coli, S. aureus, and M. tuberculosis, where
activity was upgraded compared to independent hydroxide
salt or PZA [37]. The combination of brucite and bioactive

compounds may act, generating holes in the membrane
and favoring the introduction of magnesium ions and
OH− groups, which can explain the elevation of inhibition
percentage and diameter of the inhibition halo.

3.5 Antioxidant activity

Table 3 shows the percentage of inhibition of the ABTS
radical for LHS-Mg, LHS-Mg+T, LHS-Mg+C, thymol, and
carvacrol. ABTS inhibition for carvacrol increased when
the hybrid was evaluated from 16 to 65%, while thymol
activity decreased from 93 to 80%. Comparing these results
with the antioxidant activity of Trolox (data not shown), it
can be seen that LHS-Mg and LHS-Mg+C activity exhibits
the same percentage of ABTS radical inhibition of 250 μg·mL−1,
carvacrol as 40 μg·mL−1, LHS-Mg+T for 300 μg·mL−1, and
thymol as 400 μg·mL−1 of Trolox. The ABTS inhibition of
thymol intercalated in the layered zinc hydroxide has
been previously evaluated, demonstrating that hybrids
exhibit slightly higher inhibition [14], in which thymol
was mainly on the surface of the nanoparticle. In this
work, a fraction of thymol was intercalated inside the
brucite structure as suggested by XRD, which affects the

Table 2: MIC and MBC for bioactive compounds and hybrids

Material Concentration (mg·mL−1)

E. coli S. aureus L. monocytogenes Salmonella Enteritidis

MIC MBC MIC MBC MIC MBC MIC MBC

LHS-Mg 100 300 300 500 <50 300 250 500
Thymol <50 200 <50 200 <50 200 <50 200
LHS-Mg+T <50 200 <50 200 <50 >300 <50 200
Carvacrol <50 200 <50 200 <50 200 <50 200
LHS-Mg+C <50 200 <50 200 <50 >300 <50 >300

Results are mean ± SD from three replicates.
MIC: minimum inhibitory concentration.
MBC: minimum bactericidal concentration.

Table 3: Antioxidant activities of bioactive compounds and hybrids

Material ABTS inhibition (%) Trolox equivalent (μg·mL−1)*

LHS-Mg 60 ± 7.5 250
Thymol 93 ± 0.1 400
LHS-Mg+T 80 ± 2.0 300
Carvacrol 16 ± 5.5 40
LHS-Mg+C 65 ± 2.1 250

Results are mean ± SD from three replicates.
*Data obtained from the standard curve (not shown).
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activity of this radical inhibition in the concentration
evaluated. Conversely, as shown by the SEM and XRD
results, carvacrol is located on the surface. Its activity
was increased in combination with brucite, probably
due to ROS production [8].

3.6 Artemia salina bioassay

The nauplii of Artemia salina were mixed with LHS-Mg,
LHS-Mg+T, and LHS-Mg+C in the concentration range
from 25 to 200mg·mL−1. After 24 h, results demonstrated
that all materials were non-toxic according to the Clarkson
scale [20] since the mortality percentage was up to 10%
(Table 4). The LD50 calculated with the PROBIT test indi-
cated that a high dose of the materials is required to cause
multiple nauplii deaths, corroborating that these materials
are nontoxic (Table 4). Thymol and carvacrol are molecules
that have OH− radicals in their structure; at high concen-
trations, these radicals may exhibit a lethal effect on
Artemia salina nauplii and even on human cells [38], but
the bioavailability of these bioactive compounds can be
controlled since they interact with the nanohydroxide
structure. In the case of magnesium nanoparticles obtained
from different precursors, it has been demonstrated that
they are safe to be in contact with human cells at concentra-
tions of 1,000 μg·mL−1 [39], as nitrate is the counter ion that
exhibits a slight cytotoxic effect for the pristine LHS [37].
These results suggest that the synthesized and evaluated
hybrids are safe for their application in food matrices, redu-
cing the growth of pathogens and exhibiting antioxidant
activity.

4 Conclusions

Hybrids of magnesium-LHS with thymol or carvacrol were
obtained, whose structures were confirmed with solid-

state techniques. Antibacterial activity against foodborne
pathogens suggests that these hybrids can be incorporated
in food matrices or applied as disinfectants to control the
proliferation of microorganisms since they proved innoc-
uous on Artemia salina nauplii. The results obtained from
this research open a new path to introduce layered mag-
nesium compounds to stabilize and potentiate the antiox-
idant and antimicrobial activity of terpenes such as thymol
and carvacrol, keeping in mind that the safety of consu-
mers is a priority in food research.
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