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Abstract: Due to the current concerns against opportunistic pathogens and the challenge of antimi-
crobial resistance worldwide, alternatives to control pathogen growth are required. In this sense, this
work offers a new nanohybrid composed of zinc-layered hydroxide salt (Simonkolleite) and thymol
for preventing bacterial growth. Materials were characterized with XRD diffraction, FTIR and UV–Vis
spectra, SEM microscopy, and dynamic light scattering. It was confirmed that the Simonkolleite
structure was obtained, and thymol was adsorbed on the hydroxide in a web-like manner, with a
concentration of 0.863 mg thymol/mg of ZnLHS. Absorption kinetics was described with non-linear
models, and a pseudo-second-order equation was the best fit. The antibacterial test was conducted
against Escherichia coli O157:H7 and Staphylococcus aureus strains, producing inhibition halos of 21
and 24 mm, respectively, with a 10 mg/mL solution of thymol–ZnLHS. Moreover, biofilm formation
of Pseudomonas aeruginosa inhibition was tested, with over 90% inhibition. Nanohybrids exhibited
antioxidant activity with ABTS and DPPH evaluations, confirming the presence of the biomolecule in
the inorganic matrix. These results can be used to develop a thymol protection vehicle for applications
in food, pharmaceutics, odontology, or biomedical industries.

Keywords: terpenes; layered hydroxide salt; antimicrobial activity; biofilm-formation inhibition;
antioxidant capacity

1. Introduction

Over the years, bacteria have developed resistance to several antibiotics, creating a
severe problem in health sectors [1]. For this, the consumption of natural components
that possesses bioactive compounds has been recommended, such as plant extracts or
their essential oil [2]. Plant extracts have been studied due to their natural antioxidant,
antimicrobial, anti-inflammatory, and antiseptic activities, as well as being precursors in
the synthesis of pharmaceutical products [3,4].

The antibacterial and antioxidant activities of plant extracts can be attributed to pheno-
lic compounds. Among these, terpenoids present in plants of the Thymus genus, including
carvacrol and thymol, interact with the metabolic processes of bacteria [5]. Thymol is
classified as generally recognized as safe (GRAS) and has been used in different food
and pharmaceutical formulations [6] due to its antioxidant, antifungal, and antibacterial
activities [7]. It has been proved that thymol in concentrations below 100 mg/mL ex-
hibits antibacterial activity against Gram-negative and Gram-positive bacteria, such as
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Escherichia coli, Staphylococcus aureus, Salmonella spp., and Pseudomonas aeruginosa, including
the inhibition of biofilm formation [1,8]. Even though this compound has special activities,
it is also unstable to environmental factors, has poor solubility in water, and lacks a proper
distribution on target sites [9].

Research in nanotechnology is currently been conducted in order to apply it in different
areas, such as food science [10], electronics [11], and pharmaceutics [12]. In the latter, it has
been proved that nanomaterials can retain pharmaceutical compounds to treat some types
of cancer, demonstrating non-cytotoxic, antitumor activities [12].

Layered materials (LMs), or nanoclays, have increased their applications in biological
fields due to their protection characteristics and controlled release of bioactive compounds.
They can be classified as layered double hydroxides (LDH) and layered hydroxide salts
(LHSs), with the difference being the presence of two metal or one metal in the structure,
respectively [13]. LM can be synthesized through different pathways, such as precipitation,
co-precipitation, or ion interchange; each method uses specific conditions, such as metallic
salt concentration, temperature, alkaline solution applied, etc. [14] LM on its own may
exhibit antibacterial activity with the formation of ROS that inhibit bacterial growth [15],
but also, since LM forms hybrids, the intercalated molecule may generate higher inhibition
to Gram-negative and Gram-positive bacteria, such as the antimicrobial peptide nisin [16],
in which the effect was upgraded while the peptide was inside the LM. An example of LM
is zinc hydroxide chloride, also known as Simonkolleite, a mineral found in galvanized
steel that displays a layered structure that is brucite-like. In this structure, empty spaces
are located below and above coordinated Zn, where counter-anions can be intercalated [17]
such as cinnamate [18] or β-glucan [19]. Combining these LMs with bioactive compounds
may exhibit equal or higher activities of the biomolecule, thus reducing toxicity due to
smaller concentrations and production costs [19,20].

Even though thymol has been encapsulated in LDH [21], its intercalation in LHS has
not been explored so far. This study focused on synthesizing a nanohybrid containing
Simonkolleite (ZnLHS) and thymol and evaluating its antioxidant activity, antibacterial ac-
tivity, and inhibition of exopolysaccharides formation of an opportunistic human pathogen
such as P. aeruginosa, with which new materials could be applied in the health department.

2. Results and Discussion
2.1. Characterization

The X-ray diffractogram is depicted in Figure 1. It can be seen that Simonkolleite’s
structure (Zn5(OH)8Cl2·2H2O) was obtained according to the ICDD card 07-0155 [16].

After intercalation, typical signals remained with reduced intensity, suggesting that
thymol was not intercalated inside the interlaminar space but could be on the surface of the
laminar compound [22]. To assume that the biomolecule was successfully intercalated in-
side the layered compound, the first peak should displace to smaller values of the 2θ angle,
and interlaminar space could be calculated with Bragg’s Law [16]. Nevertheless, thymol
crystallinity (diffractogram not shown) was diminished in thymol–ZnLHS, suggesting a
strong interaction with the surroundings of Simonkolleite. A similar study was conducted
for thymol nanoencapsulation, in which the XRD pattern of thymol disappeared in the
nano-encapsulated thymol, suggesting the prevention of crystallinity, and this immobi-
lization possibly promotes more reactive sites or confers beneficial applications for food
products [23].

The concentration of thymol adsorbed on the ZnLHS was determined by measuring
the absorbance of the solution of intercalation. Previously, a standard curve was pre-
pared to correlate the absorbance of thymol with the concentration. The equation from
Bouaziz et al. [24] was applied, and the adsorption of thymol was estimated (Figure 2).
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Figure 2. Thymol absorption in zinc layered hydroxide with non-linear fitted models.

The adsorption phase was constant with a linear behavior (R2 = 0.989) until 1.5 h, and
afterward, the absorbance remained constant, with a concentration of 0.863 mg thymol/mg
ZnLHS. Thymol has been previously adsorbed in the LDH matrix of Mg-Al-CO3 with a
maximum concentration of 8 mg/g in 4 h [21], while in hydroxyiron clays kaolinite and
montmorillonite, the absorption reached values of 0.391 and 1.125 mg/mg, respectively, in
10 days [25]. Compared to the LDH matrix, in this study, the amount of thymol adsorbed
was higher, probably due to the less complex structure that the LHS presents, and thus, the
interaction could be favored [16]. Moreover, it has been reported that adsorption is time-
dependent [21], but considering the concentration of thymol in clays and in the ZnLHS,
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values are not too different for their corresponding time of adsorption, and thus, the use of
ZnLHS proved to be able to retain almost the same amount of biomolecule in less time.

Furthermore, in Figure 2, kinetic adsorption models are depicted, and in Table 1, the
parameters R2, RMSE, ARE, χ2, AIC, and BIC are shown. The pseudo-second-order model
proved to be the better fit with R2 = 0.989, and predictors exhibit the lowest values, followed
by Elovich > pseudo-first-order > intra-particle diffusion model. The pseudo-second-order
model describes that a chemisorption phenomenon was involved during the adsorption
process, where valence forces acted through the exchange of electrons.

Table 1. Non-linear kinetic parameters with the correction coefficients for thymol adsorption
on ZnLHS.

Kinetic Model
Statistical Validation

R2 RMSE ARE% χ2 AIC BIC

Lagergren’s pseudo-first order 0.954 0.060 15.727 0.092 −64.464 −65.436
Ho and McKay’s pseudo-second order 0.989 0.031 4.654 0.017 −81.752 −82.724

Elovich 0.986 0.033 4.431 0.019 −80.157 −81.129
Intra-particle diffusion 0.950 0.065 15.636 0.131 −62.407 −63.379

R2, correlation coefficient; RMSE, root mean squared error; ARE%, average relative error; χ2, Chi-square; AIC,
Akaike information criterion; BIC, Bayesian information criterion.

These processes have been previously described for polyphenol adsorption systems
in the biomass of Chlorella vulgaris [26], in the adsorption of polyphenols in microporous
starch [20], and in the adsorption process of polyphenols in roasted hazelnut skin [27],
demonstrating a strong correlation.

The liberation of thymol is depicted in Figure 3. It can be seen that, in the first hour,
the thymol liberation rate was higher than it was during the rest of the test time, this can
be attributed to rapidly achieving an equilibrium concentration of biomolecule adsorbed
on the hydroxide surface. The thymol concentration kept increasing and decreasing with
passing time, but always in a concentration range of 0.800–1.02 mg/mL, suggesting that
zinc hydroxide kept the concentration in the state of equilibrium. This phenomenon may
be helpful in controlling bacterial growth on surfaces since the bioactive compound would
not be used only at the beginning, but it would constantly return to the inorganic matrix
until the concentration of thymol falls off of equilibrium. In the study conducted by
Guarda et al. [28], the liberation of thymol from microencapsulates was evaluated, and it
can be seen that concentration of thymol was almost constant in a 28 days’ test, and the
maximum of biomolecule concentration was liberated on the first day.
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FTIR spectra for ZnLHS, thymol, and thymol–ZnLHS are depicted in Figure 4. For
thymol spectra (4a), characteristic signals can be found in the wavenumbers 2964, 2868,
1285, and 1233 cm−1, assigned to C=C stretching, -OH bending, and C-O stretching of
phenolic compounds [29]. The ZnLHS FTIR spectra show O-H vibrations in the region
of 3500–3000 and 1630–1250 cm−1, and the signal below 800 cm−1 corresponds to Zn-O
bonds [16].

These signals appear in the thymol–ZnLHS spectrum (4c), with smaller intensities
confirming the formation of the hybrid. Moreover, this phenomenon is found in other
studies in which thymol was incorporated in a chitosan hydrogel [29,30]. Another impor-
tant contribution can be identified in wavenumbers around 3376 cm−1, where the OH−

radicals’ signal that is present in the laminar compound (Figure 4b) is reduced in the hybrid,
possibly due to the interaction with thymol [31].

Furthermore, small signals c.a. 2868, 1285, and 1233 cm−1 (wavenumbers with arrows),
which are characteristic of the thymol spectrum, appear in the hybrid material, as reported
in many studies [29,30]. According to Koosehgol et al. [32], even though the intensity of
signals is not high, these small contributions can be assumed to be an indicator of the
molecule’s presence, as found in the IR spectra of a chitosan–thymol hydrogel. Remarkably,
a band located at 1640 cm−1 (blue line) in ZnLHS (spectrum b) is assigned to the δ(OH)
vibrational mode of surface-bound water on the layered material. Spectrum c loses this
vibrational mode, probably by the hydrogen-bonding or “ordered hydrogen bonds” inter-
actions with thymol. Namely, some studies showed that the hydrogen bond extends to the
sides of hydrophobic solutes and can be ordered as a network where, as far as is known, it
can be cooperative and of electrostatic nature. Thus, interactions could be reached with
neighborhood OH groups [33,34]. Moreover, the signal centered at 1495 cm−1 (spectrum
b) is associated with the stretching of the C–C bonds from the aromatic rings and was
slightly shifted on spectrum c at 1504 cm−1; probably, this fact explains the interaction
of thymol with ZnLHS matrix (yellow vertical line on spectrum c). To elucidate more
interactions, a second derivative of the region between 1500 and 600 cm−1 for ZnLHS and
thymol–ZnLHS was obtained (Figure 4b); this spectrum clearly shows the explanations
mentioned above, and in addition, an unresolved band centered at 1390 cm−1 in Figure 4a
(violet vertical line) can be appreciated and resolved by second derivative (p < 0.05), advis-
ing the reduction of the OH coordinated bond [35]. Using the second derivative criterion
proved to be significantly helpful in resolving weak and overlapping bands in the original
spectra [36]. In the Raman spectra depicted in Figure 5a, thymol contributions are shown;
specifically, a band toward 740 cm−1 was previously reported for the aromatic ring of
thymol (SpectraBaseTM Wiley & Sons, 2022). On the other hand, in spectra 5b, signals for
ZnLHS are shown, confirming the structure of Simonkolleite found in the database of the
RRUFF project for minerals at 780 nm (ID R130117). Signals positioned in 212 and 391 cm−1

belong to Zn-O vibrations, while 255 cm−1 is assigned to the Zn-Cl vibration. Moreover, the
signal around 1050 cm−1 is attributed to any intercalated anions [37]. In the thymol–ZnLHS
spectra (Figure 5c), blue arrows mark positions related to thymol, thus confirming the
presence of the terpene in the hybrid structure. Even signals around 1058 cm−1 in spectrum
a (blue line) and 1050 cm−1 in spectrum b (dotted line) are slightly displaced, suggesting a
joint vibration in thymol–ZnLHS. Interestingly, signal toward 255 cm−1 for thymol–ZnLHS
diminishes its intensity compared to ZnLHS, adverting the vibration of the chloride anion
present in the interlamellar structure. Furthermore, the 1053 cm−1 region belonging to the
thymol aromatic ring in spectrum c shows a slight displacement, a behavior that has been
previously reported due to hydrophobic interactions [37]. These facts sustain findings in
the vibrations of IR spectra. Thermograms of ZnHSL and thymol–ZnHSL are depicted in
Figure 6. For layered hydroxide, similar behaviors have been previously reported [16,19].
On the other hand, thymol–ZnHSL exhibits a first event around 150 ◦C, where a 10% mass
is lost, and that could be related to the thymol surrounding the hydroxide, since this terpene
has been reported to reduce its mass drastically between 150 and 200 ◦C [38]. The next
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event comes near 400 ◦C, where Cl- and OH- interlaminar anions degrade, and finally,
there is a total oxidation to ZnO in temperatures above 500 ◦C [16].
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Therefore, the XRD, FTIR, Raman, and TGA techniques suggest that the thymol
molecule was adsorbed. However, interestingly, signals located at 1153, 832, and 709 cm−1

(green vertical lines in Figure 4a,b) warn about the presence of a Cl− ions vibration, which
is a counterion present in the typical Simonkolleite interlamellar space. The signal is
diminished at 709 cm−1 for the nanohybrid spectrum and could suggest possible partial
intercalation [39]. In this type of reaction, chlorine reacts with phenol or compounds
containing phenolic groups such as thymol and can then support the displacement of the
C-C aromatic ring band [40].

The insertion or removal of water molecules causes changes in the electronic structure
(something not so familiar in 2D-type structures), generating possibilities to function in
different areas of knowledge by its photoelectronic properties [41]. A recent publication
by Baig et al. [15] found a reduced bandgap (1.8 eV) attributed to the antibacterial action
of pristine LHS by ROS species’ generation. To observe this phenomenon, we calculated
a bandgap of Simonkolleite studied here by Tauc’s relation, using a UV–Vis spectropho-
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tometer (Optizen Pop, K LAB). The bandgap analysis (Figure 7a) revealed a small value
(2.27 eV), but the value was slightly higher compared with that of the authors. Reduced
bandgap values are related to the presence of chloride ions in the zinc matrix, producing a
heterojunction between the valence band and the conduction band, which gives it potential
photocatalytic properties in visible wavelength ranges [15].
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The zeta potential (ζ) influences the stability of the particles through electrostatic
repulsions. For stable dispersions, values must be greater than ±30 mV, considering that
values above this value are less sensitive to agglomerations or destabilization caused by van
der Waals forces or Brownian motion [42]. The ζ-potential analysis showed that laminar
compounds (ZnLHS and thymol–ZnLHS) exhibited a negative potential of−4.93± 0.14 and
a positive potential of +29.20 ± 0.90, respectively (Figure 7b). It is known that negative zeta
potential values are associated with the accumulation of positive charges surrounding the
nanomaterial, giving it a negative nature [43]. In other studies, this increase in ζ-potential
has been demonstrated to be an effect of thymol in silica carrier agents [44]. A possible
explanation could be associated with the hydrophobicity of both materials maintaining
a repulsion electrostatic in the media. Moreover, this phenomenon was correlated in a
study conducted by Mattos et al. [45] in which uncharged thymol added to the silica
matrix showed positive and negative electrostatic potential, shifting values to zero in
a pH-dependent manner. The mean particle size was reduced after intercalation from
589.80 ± 18 nm to 141.05 ± 13.85 nm, and the polydispersity index was also diminished
from values between 0.58 ± 0.09 and 0.33 ± 0.05. This decrease improves the size and
morphology distribution of the hybrids. Several methods to synthesize nanoclays lack
homogeneity in their morphology, which can be a desirable property for applications in the
food and pharmaceutical industries [46,47].

Micrographs depicted in Figure 7c exhibit the typical hexagonal morphology (blue
arrows) of layered compounds (at least one dimension in the nano-range order) [48]. In the
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hybrid (Figure 7d), it can be seen that the structure remained, but the size decreased, and
the organic part surrounding the particle (yellow circles), in some cases, formed networks
of ZnLHS and biomolecule. Similar results were obtained by the interaction of glucans with
a zinc–hydroxy chloride [16]. Furthermore, the decrease in the particle size was studied
by Gutiérrez-Gutiérrez et al. [22] when curcumin was loaded into layered compounds to
avoid its agglomeration, and the ζ-potential values supported this fact.

2.2. Antioxidant Activity

The DPPH and ABTS tests were carried out to determine the antioxidant activity of
the thymol–ZnLHS hybrid (Figure 8a,b). The results demonstrated that thymol–ZnLHS
exerts slightly more ABTS activity than ZnLHS alone, thus confirming the biomolecule
in the hybrid. For the DPPH assay, thymol–ZnLHS exhibited higher activity than thymol
and ZnLHS at low concentrations, but the effect was inverted at high concentrations. A
study performed by Rúa et al. [2] found that high concentrations of other compounds, such
as carvacrol, in the extract solutions inhibit the antioxidant activity of thymol. Since the
ZnLHS exhibited antioxidant activity by itself, this capacity to generate ROS species related
to the reduced bandgap [15] could have reduced the activity of thymol compared to the
control. According to Deng et al. [49], the solubilization of thymol could increase with
different solvents, but the antioxidant effect could be lost; apart from that, if incorporated
into a food matrix, the flavor could be altered.
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2.3. Antibacterial Activity

Inhibition halos were measured after incubation and are shown in Table 2.

Table 2. Inhibition halo of E. coli O157:H7 and S. aureus ATCC 25,923 (SD ± 3).

Concentration
(mg/mL)

Escherichia coli (mm) Staphylococcus aureus (mm)

Thymol ZnHSL Thymol–
ZnLHS Thymol ZnHSL Thymol–

ZnLHS

1 10.3 ± 0.1 f 10.3 ± 0.2 f 11.0 ± 0.5 e 10.3 ± 0.6 F 10.5 ± 0.2 F 16.2 ± 2.3 D

3 10.6 ± 0.5 f 10.6 ± 0.5 f 10.9 ± 0.2 e 11.8 ± 0.4 F 10.5 ± 0.3 F 19.5 ± 0.5 C

5 21.2 ± 0.1 c 10.4 ± 0.5 f 11.7 ± 0.6 e 13.0 ± 1.0 E 10.4 ± 0.4 F 20.7 ± 0.6 B

7 22.4 ± 0.4 b 10.2 ± 0.3 f 15.5 ± 0.5 d 19.3 ± 1.5 C 10.2 ± 0.3 F 22.7 ± 0.8 A

10 23.9 ± 0.3 a 10.7 ± 0.3 e 21.1 ± 0.1 c 21.2 ± 0.7 B 10.7 ± 0.6 E 24.0 ± 1.0 A

Different superscripts indicate significant (p < 0.05) difference among groups. Lower and Upper case are to
differentiate between bacterial strains.

The diameters were higher for S. aureus than for E. coli O157:H7. Thymol is an an-
tibacterial compound that exhibits antibacterial activity against both Gram-negative and
Gram-positive bacteria. Possibly, the higher surface charge (zeta-potential) will increase
the interaction between cells/nanoparticles, leading to a better transfer of thymol; it al-
lowed the molecule to exhibit higher inhibition halos for the hybrid than the biomolecule
alone [50,51]. Xu et al. [52] determined the inhibitory concentration of thymol, with val-
ues around 200 mg/mL for E. coli. Compared to this study, the inhibitory concentration
was observed in lower concentrations. Palygorskite functionalized with thymol achieved
better antimicrobial properties against S. aureus than thymol alone since the improved
hydrophilic character of the composite promotes the transport of monoterpene in clays [53].
Likewise, in another study, the antimicrobial action was verified through another system
composed of clinoptilolite–zeolite clays loaded with thymol or carvacrol, which showed
more extraordinary antimicrobial properties against E. coli and S. aureus. Inhibition was
not only attributed to the release of monoterpenes but also to the enhanced activity, as
new properties such as hydrophilia of the hybrids were introduced [54]. Moreover, the
stability of nanomaterials as colloids is related to high values of ζ-potential (negatively or
positively charged), promoting stability to the dispersion and, thus, improving bactericidal
efficacy [55]. In addition, the reduced bandgap value may confer the capacity in these
materials to kill bacteria through its ROS release in a synergistic manner with ζ-potential;
all of these findings align with the work published by Baig et al. [15].

2.4. Inhibition of Biofilm Formation

According to several authors, pathogenic biofilm is relevant to health since it can lead
to severe illness or even death [51]. The percentage of inhibition of biofilm formation is
found in Figure 9.

Inhibition for ZnLHS at 5 and 10 mg/mL was of 73 and 89%, respectively, while for
thymol, the results with the same concentrations were of 62 and 78%. Interestingly, the
thymol–ZnHSL hybrid increased the inhibition of biofilm formation in 86 and 92% for
each concentration tested, demonstrating a synergistic behavior of layered hydroxide and
terpene molecules. The percentage of inhibition was statistically different for each material
and concentration (p < 0.05).

Common disinfectants oxidize the cell membrane before biofilm forms [56]; this
suggest that the hydroxide salt, due to its anionic nature, can inhibit this polysaccharide
synthesis. Moreover, it has been proved that thymol suppresses biofilm-associated genes,
and for that, the combination of both compounds may increase the inhibition rate of
biofilm formation [57]. Hydroxide salt, anionic nature oxidizes, and thymol suppress
biofilm-associated genes.
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The increase in the percentage of inhibition presented by the thymol–ZnLHS compared
to thymol alone may be because the latter has a relatively hydrophilic character that, when
stabilized in colloidal dispersion, can favor its diffusion through the polysaccharide matrix
with polar character. On the contrary, the hydrophobic character of ZnLHS could interact
specifically with the bacterial membrane (behavior also observed by thymol). Therefore,
the nanohybrid increases inhibition due to a synergistic effect [58]. This synergic effect has
been reported previously with other compounds, such as nalidixic acid/zinc hydroxide
nitrate [59].

3. Materials and Methods
3.1. Synthesis of ZnLHS and Thymol–ZnLHS

The synthesis of materials and hybrids was conducted by following the methodol-
ogy described by Velazquez-Carriles et al. [16]. Briefly, 200 mL of a solution containing
0.04 g/mL ZnCl2 was prepared and allowed to stabilize at room temperature, with constant
stirring, for 20 min. Then the pH (Hanna, HI98115) was gradually elevated by adding
NaOH 0.1 M dropwise until it reached a final value of 8 and a white precipitate formed.
The solution was covered and allowed to stabilize for 24 h at room temperature, with
constant stirring. Solids were recovered by centrifugation (10,000 rpm for 10 min at 25 ◦C)
(LaboGene, LZ-1580R) with three consecutive washes with distilled water. The recovered
powder (ZnLHS) was then dried in an oven (L-C Oven, Mechanically Convected) at 60 ◦C
for 24 h and reserved until use.

For the hybrid synthesis, a solution of 5 mg/mL of thymol was prepared, and 500 mg
of ZnLHS was added, with constant stirring at room temperature. Aliquots of super-
natant were evaluated on a UV–Vis (Nanodrop 2000, ThermoScientific), at a wavelength
of 274 nm, every 10 min, until constant absorbance was achieved (ca. two hours). The
amount of thymol interacting with the ZnLHS was estimated with the formula proposed
by Bouazis et al. [24] For recovery of the hybrid thymol–ZnLHS, the conditions mentioned
above for centrifugation and drying were used.

The results of adsorption kinetics were fitted with four models: pseudo-first-order,
pseudo-second-order, Elovich, and intra-particle diffusion. The best model was selected
with respect to the highest correlation coefficient, R2, and also with the lowest in the
following five statistical parameters: root mean squared error (RMSE), average relative
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error (ARE), chi-square (x2), Akaike information criterion (AIC), and Bayesian information
criterion (BIC). Each parameter was calculated with the following equations:

RMSE =

√√√√∑N
i=1

(
qt,predicted − qt,exp

)2

N
(1)

ARE =
100
N ∑N

i=1

[ qt,exp − qt,predicted

qt,exp

]
(2)

χ2 = ∑N
i=1

(
qt,exp − qt,predicted

)2

qt,predicted
(3)

AIC =
−2
N
∗ LL + 2 ∗ k

N
(4)

BIC = −2 ∗ LL + log(N) ∗ k (5)

where N is the number of experimental data, qt,predicted is the calculated value in mg/mg
with each kinetic model, and qt,exp is the experimental value (mg/mg). LL is the logarithmic
likelihood, and k is the number of parameters involved in the model.

For thymol liberation, 60 mg of thymol–ZnHSL was suspended in 50 mL of PBS at
25 ◦C (approximately 1.02 mg thymol/mL), with constant stirring, and aliquots of super-
natant were taken to measure the thymol concentration in a UV–Vis spectrophotometer at
274 nm until constant value was achieved.

3.2. Characterization

X-ray diffractograms (XRDs) were collected in an Empyrean X-ray Diffractor (Pan-
alytical, Malvern, UK), using CuKα radiation at an angle 2θ between 5 and 70◦, with
a 0.02 step and 30 s of collection time. Fourier-transform infrared spectra (FTIR) were
recorded in a spectrophotometer (Cary 630, Agilent Technologies, Santa Clara, CA, USA)
from 4000 to 500 cm−1 in absorbance mode, with 32 scans and 4 cm−1 of resolution. To
determine the morphology, scanning electron microscopy (SEM) was applied in an FE-SEM
(TESCAN, model MIRA 3 LMU, Brno, Czech Republic), with a voltage of 15 kV. Particle
size, polydispersity index, and ζ-potential were determined by dynamic light scattering
(DLS) in a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) at 25 ◦C and a pH
of 7, adding 1 mL of a diluted solution of 1 mg/mL (10-fold) ZnLHS and thymol–ZnLHS.
High-resolution Raman spectroscopy was conducted in a SmartRaman (DXR2, Thermo
Fisher Scientific, Waltham, MA, USA), with 780 nm laser excitation, 50 mW, and a slit of
50 µm; the acquisition time was 150 s at 3 cm−1 of resolution. The spectra were recorded
between 1100 and 150 cm−1. Thermogravimetric analyses were carried out on a Discovery
thermobalance (TGA5000, TA Instruments, New Castle, DE, USA). TG curves were regis-
tered by heating sample masses from 50 to 600 ◦C, using a ramp of 10 ◦C min−1, under a
nitrogen atmosphere.

3.3. Antioxidant Activity

The antioxidant activity of ZnLHS and thymol–ZnLHS was determined with 2,2′-azino-
di-(3-ethylbenzthiazoline sulfonic acid (ABTS) and 2,2-diphenyl-1-picrilhidrazil (DPPH)
tests, comparing with common antioxidant molecules, as well as thymol standard (Sigma
Aldrich, St. Louis, MO, USA). For ABTS, Li et al.’s [60] methodology was followed,
preparing solutions of the samples at different concentrations (50–300 µg/mL), using
ascorbic acid as a positive control and methanol as a negative control. Inhibition of radical
DPPH was conducted as described by Brand-Williams et al. [61], with sample solutions at
the same concentrations mentioned before; the positive control was BHT, and the negative
control was methanol. The results are expressed as a percentage of inhibition for both
tests. Plates were read at 754 nm for ABTS and 520 nm for DPPH in a 96-well microplate
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reader (BIO-RAD, iMark, Hercules, CA, USA). In both techniques, the following formula
was employed:

Inhibition (%) =

(Abscontrol − Abssample

Abscontrol

)
∗ 100 (6)

where Abscontrol is the absorbance of control that contains all the reagents, except
the samples.

3.4. Antimicrobial Evaluation

The inhibition halo test was conducted to assess the antibacterial activity of hybrids.
Briefly, Müller–Hinton agar (MHA) plates were prepared, and 100 µL of cell suspension of
E. coli O157:H7 and S. aureus ATCC 25,923 at 1 × 108 cell/mL was spread on the surface. In
each plate, holes were bored, and 100 µL of thymol, ZnLHS, and thymol–ZnLHS in a range
of 1 to 10 mg/mL in PBS was added. Plates were incubated for 24 h at 36 ± 1 ◦C, and the
inhibition zone was measured in mm.

3.5. Antibiofilm Activity

Some bacteria produce a biofilm to protect themselves against toxic compounds. A
test following the methodology of O’Toole (2011) was applied to determine the inhibition
of biofilm formation. Briefly, a culture of Pseudomonas aeruginosa ATCC 27,853 was grown
overnight at 36 ± 1 ◦C in Luria Bertani broth and then diluted at 1:100 in the same fresh
medium containing arginine as a carbon source and magnesium sulfate. In 96-well plates,
100 µL of P. aeruginosa culture was added, followed by 20 µL of thymol, ZnLHS, or thymol–
ZnLHS solutions at 5 and 10 mg/mL (previously established with antimicrobial evaluation);
as the negative control, PBS was used. The plate was incubated for 24 h at 36 ± 1 ◦C; then
the culture was discarded, and the plate was washed in a deionized water bath twice and
allowed to dry at room temperature. Subsequently, 125 µL of a solution of crystal violet
(0.1% in water) was added to all wells and incubated at room temperature for 15 min. Plates
were washed and dried as mentioned before. After the plate was dried, 125 µL of acetic acid
(30% in water) was added, and the plate was incubated for 15 min at room temperature.
Finally, volumes were transferred to a new plate, and the absorbance was measured at
550 nm in a 96-well plate reader (BioRad, iMark, Hercules, CA, USA), using acetic acid as
blank. The inhibition of biofilm formation was calculated with the following equation:

%bio f ilm inhibition =

(
1−

(Abssample − Absblank)

(Abscontrol − Absblank)

)
∗ 100 (7)

where (Abscontrol) is the absorbance of control that contains all the reagents, except the
materials or thymol.

3.6. Statistical Analysis

All the experiments were performed in triplicate (±SD). Significant differences were
considered at p < 0.05, using ANOVA, followed by Fisher’s LSD test (Statgraphics Centurion
XIX, Princeton, NJ, USA).

The second derivative for the region between 600 and 1500 cm−1 of the FTIR spectra
was analyzed, using 9 points, by the Savitzky–Golay algorithm. Then, to compare the
absorbances intensities between ZnLHS and thymol–ZnLHS, the normality examination
was applied (Anderson–Darling, D’Agostino–Pearson omnibus, and Shapiro–Wilk tests)
in consequence (normality rejection), and a Mann–Whitney U test was established to
determine wavenumbers significantly (p < 0.05). Origin 2022 (OriginLab Inc., Northampton,
MA, USA) version was employed, and GraphPad Prism v8.0.1 (Dotmatics, San Diego, CA,
USA) was used.
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4. Conclusions

A hybrid of zinc layered hydroxide salt and thymol with biological activity was suc-
cessfully synthesized. Characterization with X-ray diffraction confirmed a Simonkolleite
structure for the layered compound; IR and Raman spectra and SEM micrographs showed
that the organic compound surrounded the inorganic materials, mainly. The thermogravi-
metric analysis determined that the material could undergo temperatures around 200 ◦C
before losing thymol due to degradation. Adsorption kinetics was described with non-
linear models with R2 of 0.989 and a concentration determined by UV–Vis absorbance of
0.863 mg thymol/mg ZnLHS, and the liberation in PBS demonstrated that thymol can be
released almost totally in about 4 h. The biological activity was tested with antioxidant
and antimicrobial tests. ABTS and DPPH demonstrated that the hybrid synergistically
exhibits antioxidant activity. For antimicrobial activity, Gram-positive bacteria such as
Staphylococcus aureus were more sensitive to exposition to the hybrid of thymol and zinc
hydroxide layered salt in low concentrations. Biofilm formation of Pseudomonas aeruginosa
was almost completely inhibited with the hybrid compared to the materials alone. The
findings of this work demonstrate a promising role for this nanohybrid as a decolonizing
agent and preventive agent, making it attractive in various areas, such as food science,
pharmaceuticals, dentistry, and clinics, helping to keep society healthy. Finally, we can
infer that this nanohybrid could belong to a new generation of compounds with advanced
biological properties.
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and Mechanism of Action. Curr. Med. Chem. 2013, 20, 932–952. [PubMed]

4. Zheng, W.; Wang, S.Y. Antioxidant Activity and Phenolic Compounds in Selected Herbs. J. Agric. Food Chem. 2001, 49, 5165–5170.
[CrossRef]

5. Alagawany, M.; Farag, M.R.; Abdelnour, S.A.; ElNesr, S.S. A review on the beneficial effect of thymol on health and production of
fish. Rev. Aquac. 2020, 13, 632–641. [CrossRef]

6. Marchese, A.; Orhan, I.E.; Daglia, M.; Barbieri, R.; Di Lorenzo, A.; Nabavi, S.F.; Gortzi, O.; Izadi, M. Antibacterial and antifungal
activities of thymol: A brief review of the literature. Food Chem. 2016, 210, 402–414. [CrossRef]

7. Kowalczyk, A.; Przychodna, M.; Sopata, S.; Bodalska, A.; Fecka, I. Thymol and Thyme Essential Oil—New Insights into Selected
Therapeutic Applications. Molecules 2020, 25, 4125. [CrossRef]

http://doi.org/10.1089/fpd.2018.2594
http://www.ncbi.nlm.nih.gov/pubmed/31009261
http://www.ncbi.nlm.nih.gov/pubmed/23210781
http://doi.org/10.1021/jf010697n
http://doi.org/10.1111/raq.12490
http://doi.org/10.1016/j.foodchem.2016.04.111
http://doi.org/10.3390/molecules25184125


Molecules 2022, 27, 6161 15 of 17

8. Escobar, A.; Pérez, M.; Romanelli, G.; Blustein, G. Thymol bioactivity: A review focusing on practical applications. Arab. J. Chem.
2020, 13, 9243–9269. [CrossRef]

9. Paul, A.; Augustine, R.; Hasan, A.; Zahid, A.A.; Thomas, S.; Agatemor, C.; Ghosal, K. Halloysite nanotube and chitosan polymer
composites: Physicochemical and drug delivery properties. J. Drug Deliv. Sci. Technol. 2022, 72, 103380. [CrossRef]

10. Singh, T.; Shukla, S.; Kumar, P.; Wahla, V.; Bajpai, V.K.; Rather, I.A. Application of Nanotechnology in Food Science: Perception
and Overview. Front. Microbiol. 2017, 8, 1501. [CrossRef]

11. Payal; Pandey, P. Role of Nanotechnology in Electronics: A Review of Recent Developments and Patents. Recent Patents
Nanotechnol. 2022, 16, 45–66. [CrossRef]

12. Ebadi, M.; Buskaran, K.; Bullo, S.; Hussein, M.Z.; Fakurazi, S.; Pastorin, G. Synthesis and Cytotoxicity Study of Magnetite
Nanoparticles Coated with Polyethylene Glycol and Sorafenib–Zinc/Aluminium Layered Double Hydroxide. Polymers 2020,
12, 2716. [CrossRef]

13. Arizaga, G.G.C.; Satyanarayana, K.; Wypych, F. Layered hydroxide salts: Synthesis, properties and potential applications. Solid
State Ion. 2007, 178, 1143–1162. [CrossRef]

14. Machado, J.P.E.; de Freitas, R.A.; Wypych, F. Layered clay minerals, synthetic layered double hydroxides and hydroxide salts
applied as pickering emulsifiers. Appl. Clay Sci. 2019, 169, 10–20. [CrossRef]

15. Baig, M.M.; Hassan, M.; Ali, T.; Asif, H.M.; Asghar, A.; Ullah, S.; Alsafari, I.A.; Zulfiqar, S. Green 2D simonkolleite/zinc based
nanostructures for superior antimicrobial and photocatalytic applications. Mater. Chem. Phys. 2022, 287, 126292. [CrossRef]

16. Velázquez-Carriles, C.A.; Carbajal-Arizaga, G.G.; Silva-Jara, J.M.; Reyes-Becerril, M.C.; Aguilar-Uscanga, B.R.; Macías-Rodríguez,
M.E. Chemical and biological protection of food grade nisin through their partial intercalation in laminar hydroxide salts. J. Food
Sci. Technol. 2020, 57, 3252–3258. [CrossRef] [PubMed]

17. Leal, D.A.; Silva, G.M.; Tedim, J.; Wypych, F.; Marino, C.E.B. Synthesis and characterization of gordaite, osakaite and simonkolleite
by different methods: Comparison, phase interconversion, and potential corrosion protection applications. J. Solid State Chem.
2020, 291, 121595. [CrossRef]

18. Mohsin, S.M.N.; Hussein, M.Z.; Sarijo, S.H.; Fakurazi, S.; Arulselvan, P.; Hin, T.-Y.Y. Synthesis of (cinnamate-zinc layered
hydroxide) intercalation compound for sunscreen application. Chem. Cent. J. 2013, 7, 26. [CrossRef]

19. Velazquez-Carriles, C.; Macías-Rodríguez, M.E.; Carbajal-Arizaga, G.G.; Silva-Jara, J.; Angulo, C.; Reyes-Becerril, M. Immobilizing
yeast β-glucan on zinc-layered hydroxide nanoparticle improves innate immune response in fish leukocytes. Fish Shellfish Immunol.
2018, 82, 504–513. [CrossRef]

20. Yeung, A.W.K.; Souto, E.B.; Durazzo, A.; Lucarini, M.; Novellino, E.; Tewari, D.; Wang, D.; Atanasov, A.G.; Santini, A. Big impact
of nanoparticles: Analysis of the most cited nanopharmaceuticals and nanonutraceuticals research. Curr. Res. Biotechnol. 2020,
2, 53–63. [CrossRef]

21. Ziyat, H.; Bennani, M.N.; Hajjaj, H.; Mekdad, S.; Qabaqous, O. Synthesis and characterization of crude hydrotalcite Mg–Al–CO3:
Study of thymol adsorption. Res. Chem. Intermed. 2018, 44, 4163–4177. [CrossRef]

22. Gutiérrez-Gutiérrez, F.; Sánchez-Jiménez, C.; Rangel-Castañeda, I.A.; Carbajal-Arízaga, G.G.; Macías-Lamas, A.M.; Castillo-
Romero, A.; Parra-Saavedra, K.J. Encapsulation of curcumin into layered double hydroxides improve their anticancer and
antiparasitic activity. J. Pharm. Pharmacol. 2020, 72, 897–908. [CrossRef] [PubMed]

23. Zhou, W.; Zhang, Y.; Li, R.; Peng, S.; Ruan, R.; Li, J.; Liu, W. Fabrication of Caseinate Stabilized Thymol Nanosuspensions via the
pH-Driven Method: Enhancement in Water Solubility of Thymol. Foods 2021, 10, 1074. [CrossRef] [PubMed]

24. Bouaziz, Z.; Djebbi, M.A.; Soussan, L.; Janot, J.-M.; Amara, A.B.H.; Balme, S. Adsorption of nisin into layered double hydroxide
nanohybrids and in-vitro controlled release. Mater. Sci. Eng. C 2017, 76, 673–683. [CrossRef] [PubMed]

25. Nakhli, A.; Mbouga, M.G.N.; Bergaoui, M.; Khalfaoui, M.; Cretin, M.; Huguet, P. Non-linear analysis in estimating model
parameters for thymol adsorption onto hydroxyiron-clays. J. Mol. Liq. 2017, 244, 201–210. [CrossRef]

26. Jelínek, L.; Procházková, G.; Quintelas, C.; Beldíková, E.; Brányik, T. Chlorella vulgaris biomass enriched by biosorption of
polyphenols. Algal Res. 2015, 10, 1–7. [CrossRef]

27. Seif Zadeh, N.; Zeppa, G. Recovery and Concentration of Polyphenols from Roasted Hazelnut Skin Extract Using Macroporous
Resins. Foods 2022, 11, 1969. [CrossRef]

28. Guarda, A.; Rubilar, J.F.; Miltz, J.; Galotto, M.J. The antimicrobial activity of microencapsulated thymol and carvacrol. Int. J. Food
Microbiol. 2011, 146, 144–150. [CrossRef]

29. Celebioglu, A.; Yildiz, Z.I.; Uyar, T. Thymol/cyclodextrin inclusion complex nanofibrous webs: Enhanced water solubility, high
thermal stability and antioxidant property of thymol. Food Res. Int. 2018, 106, 280–290. [CrossRef]

30. Gonzalez, A.; Miñán, A.G.; Grillo, C.A.; Prieto, E.D.; Schilardi, P.L.; de Mele, M.A.F.L. Characterization and antimicrobial effect of
a bioinspired thymol coating formed on titanium surface by one-step immersion treatment. Dent. Mater. 2020, 36, 1495–1507.
[CrossRef]

31. He, X.; Wang, B.; Zhang, Q. Phenols removal from water by precursor preparation for MgAl layered double hydroxide: Isotherm,
kinetic and mechanism. Mater. Chem. Phys. 2019, 221, 108–117. [CrossRef]

32. Koosehgol, S.; Ebrahimian-Hosseinabadi, M.; Alizadeh, M.; Zamanian, A. Preparation and characterization of in situ chi-
tosan/polyethylene glycol fumarate/thymol hydrogel as an effective wound dressing. Mater. Sci. Eng. C 2017, 79, 66–75.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.arabjc.2020.11.009
http://doi.org/10.1016/j.jddst.2022.103380
http://doi.org/10.3389/fmicb.2017.01501
http://doi.org/10.2174/1872210515666210120114504
http://doi.org/10.3390/polym12112716
http://doi.org/10.1016/j.ssi.2007.04.016
http://doi.org/10.1016/j.clay.2018.12.007
http://doi.org/10.1016/j.matchemphys.2022.126292
http://doi.org/10.1007/s13197-020-04356-y
http://www.ncbi.nlm.nih.gov/pubmed/32728273
http://doi.org/10.1016/j.jssc.2020.121595
http://doi.org/10.1186/1752-153X-7-26
http://doi.org/10.1016/j.fsi.2018.08.055
http://doi.org/10.1016/j.crbiot.2020.04.002
http://doi.org/10.1007/s11164-018-3361-9
http://doi.org/10.1111/jphp.13266
http://www.ncbi.nlm.nih.gov/pubmed/32285474
http://doi.org/10.3390/foods10051074
http://www.ncbi.nlm.nih.gov/pubmed/34066210
http://doi.org/10.1016/j.msec.2017.03.143
http://www.ncbi.nlm.nih.gov/pubmed/28482578
http://doi.org/10.1016/j.molliq.2017.08.128
http://doi.org/10.1016/j.algal.2015.04.006
http://doi.org/10.3390/foods11131969
http://doi.org/10.1016/j.ijfoodmicro.2011.02.011
http://doi.org/10.1016/j.foodres.2017.12.062
http://doi.org/10.1016/j.dental.2020.09.006
http://doi.org/10.1016/j.matchemphys.2018.09.046
http://doi.org/10.1016/j.msec.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28629065


Molecules 2022, 27, 6161 16 of 17

33. Inel, G.A.; Ungureau, E.-M.; Varley, T.S.; Hirani, M.; Holt, K.B. Solvent–surface interactions between nanodiamond and ethanol
studied with in situ infrared spectroscopy. Diam. Relat. Mater. 2016, 61, 7–13. [CrossRef]

34. Grdadolnik, J.; Merzel, F.; Avbelj, F. Origin of hydrophobicity and enhanced water hydrogen bond strength near purely
hydrophobic solutes. Proc. Natl. Acad. Sci. USA 2016, 114, 322–327. [CrossRef]

35. Volkov, D.S.; Rogova, O.B.; Proskurnin, M.A. Organic Matter and Mineral Composition of Silicate Soils: FTIR Comparison Study
by Photoacoustic, Diffuse Reflectance, and Attenuated Total Reflection Modalities. Agronomy 2021, 11, 1879. [CrossRef]

36. Hindawi. Study on Europium-Doped Hydroxyapatite Nanoparticles by Fourier Transform Infrared Spectroscopy and Their
Antimicrobial Properties [Internet]. Available online: https://www.hindawi.com/journals/jspec/2013/284285/ (accessed on 11
September 2022).

37. Khamlich, S.; Bello, A.; Fabiane, M.; Ngom, B.D.; Manyala, N. Hydrothermal synthesis of simonkolleite microplatelets on nickel
foam-graphene for electrochemical supercapacitors. J. Solid State Electrochem. 2013, 17, 2879–2886. [CrossRef]

38. Gorrasi, G.; Bugatti, V.; Ussia, M.; Mendichi, R.; Zampino, D.; Puglisi, C.; Carroccio, S.C. Halloysite nanotubes and thymol as
photo protectors of biobased polyamide 11. Polym. Degrad. Stab. 2018, 152, 43–51. [CrossRef]

39. Bin Hussein, M.Z.; Sarijo, S.H.; Yahaya, A.H.; Zainal, Z. Synthesis of 4-chlorophenoxyacetate-zinc-aluminium-layered double
hydroxide nanocomposite: Physico-chemical and controlled release properties. J. Nanosci. Nanotechnol. 2007, 7, 2852–2862.
[CrossRef]

40. Rajput, M.K.; Konwar, M.; Sarma, D. Preparation of a novel environmentally friendly hydrophobic deep eutectic solvent ChCl-
THY and its application in removal of hexavalent chromium from aqueous solution. Water Environ. Res. 2021, 93, 2250–2260.
[CrossRef]

41. Franco-Tabares, S.; Stenport, V.F.; Hjalmarsson, L.; Tam, P.L.; Johansson, C.B. Chemical Bonding to Novel Translucent Zirconias:
A Mechanical and Molecular Investigation. J. Adhes. Dent. 2019, 21, 107–116.

42. Çakır, M.A.; Icyer, N.C.; Tornuk, F. Optimization of production parameters for fabrication of thymol-loaded chitosan nanoparticles.
Int. J. Biol. Macromol. 2020, 151, 230–238. [CrossRef] [PubMed]

43. Dembek, M.; Bocian, S.; Buszewski, B. Solvent Influence on Zeta Potential of Stationary Phase—Mobile Phase Interface. Molecules
2022, 27, 968. [CrossRef] [PubMed]

44. Ribes, S.; Ruiz-Rico, M.; Pérez-Esteve, É.; Fuentes, A.; Talens, P.; Martínez-Máñez, R.; Barat, J.M. Eugenol and thymol immobilised
on mesoporous silica-based material as an innovative antifungal system: Application in strawberry jam. Food Control 2017, 81,
181–188. [CrossRef]

45. Mattos, B.D.; Tardy, B.L.; Pezhman, M.; Kämäräinen, T.; Linder, M.; Schreiner, W.H.; Magalhães, W.L.E.; Rojas, O.J. Controlled
biocide release from hierarchically-structured biogenic silica: Surface chemistry to tune release rate and responsiveness. Sci. Rep.
2018, 8, 5555. [CrossRef]

46. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

47. Wang, Q.; Gao, Y.; Luo, J.; Zhong, Z.; Borgna, A.; Guo, Z.; O’Hare, D. Synthesis of nano-sized spherical Mg3Al–CO3 layered
double hydroxide as a high-temperature CO2 adsorbent. RSC Adv. 2012, 3, 3414–3420. [CrossRef]

48. Pavón, E.; Martín-Rodríguez, R.; Perdigón, A.; Alba, M. New Trends in Nanoclay-Modified Sensors. Inorganics 2021, 9, 43.
[CrossRef]

49. Deng, L.; Taxipalati, M.; Que, F.; Zhang, H. Physical characterization and antioxidant activity of thymol solubilized Tween
80 micelles. Sci. Rep. 2016, 6, 38160. [CrossRef]

50. Gayani, B.; Dilhari, A.; Wijesinghe, G.K.; Kumarage, S.; Abayaweera, G.; Samarakoon, S.R.; Perera, I.C.; Kottegoda, N.;
Weerasekera, M.M. Effect of natural curcuminoids-intercalated layered double hydroxide nanohybrid against Staphylococcus
aureus, Pseudomonas aeruginosa, and Enterococcus faecalis: A bactericidal, antibiofilm, and mechanistic study. Microbiologyopen
2019, 8, e00723. [CrossRef]

51. Liu, Y.; Li, S.; Li, H.; Hossen, A.; Sameen, D.E.; Dai, J.; Qin, W.; Lee, K. Synthesis and properties of core-shell thymol-loaded
zein/shellac nanoparticles by coaxial electrospray as edible coatings. Mater. Des. 2021, 212, 110214. [CrossRef]

52. Xu, J.; Zhou, F.; Ji, B.-P.; Pei, R.-S.; Xu, N. The antibacterial mechanism of carvacrol and thymol against Escherichia coli. Lett. Appl.
Microbiol. 2008, 47, 174–179. [CrossRef] [PubMed]

53. Zhong, H.; Mu, B.; Yan, P.; Jing, Y.; Hui, A.; Wang, A. A comparative study on surface/interface mechanism and antibacterial
properties of different hybrid materials prepared with essential oils active ingredients and palygorskite. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 618, 126455. [CrossRef]

54. Cometa, S.; Bonifacio, M.A.; Bellissimo, A.; Pinto, L.; Petrella, A.; De Vietro, N.; Iannaccone, G.; Baruzzi, F.; De Giglio, E. A green
approach to develop zeolite-thymol antimicrobial composites: Analytical characterization and antimicrobial activity evaluation.
Heliyon 2022, 8, e09551. [CrossRef] [PubMed]

55. Singh, P.; Mijakovic, I. Antibacterial Effect of Silver Nanoparticles Is Stronger If the Production Host and the Targeted Pathogen
Are Closely Related. Biomedicines 2022, 10, 628. [CrossRef] [PubMed]

56. Köse, H.; Yapar, N. The comparison of various disinfectants’ efficacy on Staphylococcus aureus and Pseudomonas aeruginosa
biofilm layers. Turk. J. Med. Sci. 2017, 47, 1287–1294. [CrossRef]

http://doi.org/10.1016/j.diamond.2015.11.001
http://doi.org/10.1073/pnas.1612480114
http://doi.org/10.3390/agronomy11091879
https://www.hindawi.com/journals/jspec/2013/284285/
http://doi.org/10.1007/s10008-013-2206-0
http://doi.org/10.1016/j.polymdegradstab.2018.03.015
http://doi.org/10.1166/jnn.2007.613
http://doi.org/10.1002/wer.1597
http://doi.org/10.1016/j.ijbiomac.2020.02.096
http://www.ncbi.nlm.nih.gov/pubmed/32057871
http://doi.org/10.3390/molecules27030968
http://www.ncbi.nlm.nih.gov/pubmed/35164234
http://doi.org/10.1016/j.foodcont.2017.06.006
http://doi.org/10.1038/s41598-018-23921-2
http://doi.org/10.3390/pharmaceutics10020057
http://doi.org/10.1039/c2ra22607c
http://doi.org/10.3390/inorganics9060043
http://doi.org/10.1038/srep38160
http://doi.org/10.1002/mbo3.723
http://doi.org/10.1016/j.matdes.2021.110214
http://doi.org/10.1111/j.1472-765X.2008.02407.x
http://www.ncbi.nlm.nih.gov/pubmed/19552781
http://doi.org/10.1016/j.colsurfa.2021.126455
http://doi.org/10.1016/j.heliyon.2022.e09551
http://www.ncbi.nlm.nih.gov/pubmed/35663747
http://doi.org/10.3390/biomedicines10030628
http://www.ncbi.nlm.nih.gov/pubmed/35327429
http://doi.org/10.3906/sag-1605-88


Molecules 2022, 27, 6161 17 of 17

57. Sreelatha, S.; Kumar, N.; Yin, T.S.; Rajani, S. Evaluating the Antibacterial Activity and Mode of Action of Thymol-Loaded Chitosan
Nanoparticles Against Plant Bacterial Pathogen Xanthomonas campestris pv. campestris. Front. Microbiol. 2022, 12, 792737.
[CrossRef]

58. Soumya, E.A.; Ibnsouda, K.S.; Hassan, L.; Ghizlane, Z.; Hind, M.; Adnane, R. Carvacrol and thymol components inhibiting
Pseudomonas aeruginosa adherence and biofilm formation. Afr. J. Microbiol. Res. 2011, 5, 3229–3232.

59. Nabipour, H.; Sadr, M.H.; Thomas, N. Synthesis, controlled release and antibacterial studies of nalidixic acid–zinc hydroxide
nitrate nanocomposites. New J. Chem. 2015, 40, 238–244. [CrossRef]

60. Li, H.; Wang, X.; Li, P.; Li, Y.; Wang, H. Comparative study of antioxidant activity of grape (Vitis vinifera) seed powder assessed
by different methods. J. Food Drug Anal. 2008, 16, 12. [CrossRef]

61. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.
1995, 28, 25–30. [CrossRef]

http://doi.org/10.3389/fmicb.2021.792737
http://doi.org/10.1039/C5NJ01737H
http://doi.org/10.38212/2224-6614.2321
http://doi.org/10.1016/S0023-6438(95)80008-5

	Introduction 
	Results and Discussion 
	Characterization 
	Antioxidant Activity 
	Antibacterial Activity 
	Inhibition of Biofilm Formation 

	Materials and Methods 
	Synthesis of ZnLHS and Thymol–ZnLHS 
	Characterization 
	Antioxidant Activity 
	Antimicrobial Evaluation 
	Antibiofilm Activity 
	Statistical Analysis 

	Conclusions 
	References

