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Abstract: Based on the demonstrated and reported trypanocidal, leishmanicidal, and antiplasmodial
activities of two menthol prodrugs, it was decided to proceed with preformulation studies, which
are of key relevance in the drug discovery process. The aim of this study is to examine the stability
and permeability of two new menthol prodrugs with antiparasitic activity. To determine the stability
of menthol and its prodrugs, the corresponding studies were carried out in buffered solutions at
pH values of 1.2, 5.8, and 7.4 at 37 ◦C. In silico permeability studies were performed using the
free PerMM software and then in vitro permeability studies were performed using a biomimetic
artificial membrane (BAM). Permeability studies conducted in silico predicted that both menthol
and its prodrugs would pass through biological membranes via flip-flop movement. This prediction
was subsequently confirmed by in vitro BAM permeability studies, where it was observed that the
menthol prodrugs (1c and 1g) exhibited the highest Papp (apparent permeability) value compared to
the parent compound. The study reveals that menthol prodrugs exhibit stability at a pH of 5.8 and
possess sufficient in vitro permeability values as preformulation parameters.

Keywords: preformulation; antiparasitic; permeability; menthol; prodrugs

1. Introduction

The primary constituents of essential oils, commonly referred to as their main molecules,
have garnered significant attention in the quest for novel chemical entities to be utilized
in drug development [1–4]. Essential oils are complex mixtures of various bioactive com-
pounds, predominantly consisting of terpenoids, phenolic compounds, and other volatile
organic compounds. These natural constituents have demonstrated diverse biological
activities, such as antimicrobial [5–8], anti-inflammatory [9–11], antioxidant [4,12–14], and
anticancer properties [15–17], among others. Incorporating essential oil main molecules into
drug development programs demands a comprehensive understanding of their physico-
chemical properties, pharmacokinetics, and safety profiles. Rigorous preclinical evaluations
are essential to ascertain their efficacy, safety, and potential interactions with other drugs.

According to Bakkali et al. [18], approximately 90% of the compounds in essential
oils are classified as monoterpenes, among which notable examples are menthol, thymol,
and eugenol. This growing interest in essential oil constituents stems from their potential
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therapeutic properties and their ability to offer promising leads for drug discovery and
development. The prevalence of monoterpenes in essential oils highlights their significance
in the pursuit of novel and effective medications. As such, researchers are increasingly
exploring the pharmacological properties and applications of these compounds to harness
their potential in the field of medicine.

The monoterpene menthol, chemically characterized as 2-isopropyl-5-methylcyclohexane,
is a key constituent in the essential oils of various Mentha species. Numerous in vitro and in vivo
investigations have documented diverse biological attributes associated with this compound.
These include analgesic, antibacterial, antiparasitic, antifungal, anesthetic, and penetration-
enhancing activity, as well as chemopreventive and immunomodulatory actions [19–28].

In spite of the various biological activities ascribed to menthol, its effectiveness in
medical applications is hindered by its limited physicochemical stability and low bioavail-
ability. [29]. The aforementioned factors motivated us to design different menthol prodrugs
in order to improve its pharmacokinetic and pharmacodynamic properties. The synthetic
strategy used was the association of menthol with different aliphatic alcohols, these be-
ing the molecular complement of the prodrug. Consequently, we carried out the design,
synthesis, in silico, in vitro, and, in some cases, in vivo assays, of the antiparasitic activity
of these prodrugs against Trypanosoma cruzi, Leishmania braziliensis, Plasmodium falciparum,
and Echinococcus multilocularis [21–24].

Given the enhanced antiparasitic characteristics demonstrated by these derivatives
in comparison to the original compound, these novel variations present themselves as
highly encouraging contenders for the treatment of parasitic diseases. The intrinsic stability
of these prodrugs emerges as a pivotal factor in elucidating their efficacy. It is worth
emphasizing that the mechanisms of action underlying these newly developed compounds
rely on the chemical/enzymatic hydrolysis of the -OH bonds situated between menthol and
its corresponding molecular complement. Furthermore, in the realm of drug discovery and
the intricate design and formulation of pharmaceutical and biopharmaceutical products,
permeability stands as another critical parameter warranting meticulous consideration.

Considering the potential of these new menthol prodrugs as antiparasitic candidates,
one of the main aims of the work was to determine the stability of compounds 1c and 1g
(Figure 1) in aqueous solutions at different pH values of biological relevance, as well as
the development and validation of gas chromatographic (GC) method to quantify menthol.
We also described the permeability of the prodrugs and their parent compound by in silico
and in vitro assays using a biomimetic artificial membrane (BAM) simulating the behavior
of eukaryotic cell membranes.
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Figure 1. Menthol and its synthesized prodrugs.

2. Results
2.1. Stability Studies
2.1.1. Validation of GC Method

The described gas chromatography (GC) method proves to be a straightforward and
highly efficient process for the assessment of the stability of menthol and its prodrugs.
Table 1 presents key analytical data obtained using this method. The standard curves
were thoroughly and comprehensively described through the implementation of linear
least squares regression. The calibration data provided in-depth insights into the excellent
linearity exhibited over the concentration ranges, and the correlation coefficient (r) value
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of 0.99 further attested to the robustness of the results. Notably, no interferences arising
from endogenous substances were detected in any of the samples containing menthol or its
synthesized derivatives, ensuring the accuracy and reliability of the analysis. Moreover,
Table 1 presents the values for the limits of detection (LOD) and quantification (LOQ).
Precision was determined by calculating the relative standard deviation (RSD) based on six
injections and retention time (tR).

Table 1. Statistical significance for menthol calibration curves.

Menthol Validation Parameters

y = ax + b

a ± (s t) 1.8 × 104 ± (1.8 × 102)

b ± (s t) 0.07 ± 0.01

r 0.99

Limit of detection (LOD) 3.9 × 10−6

Limit of quantification (LOQ) 9.4 × 10−3

Recovery (% REC) 100.0; 102.7; 100.5

Precision (RSD) 1.4; 3.7

Retention time (tR)

Menthol 6.07

1c 8.57

1g 12.64

Recovery was evaluated by calculating the percentage deviation between the expected
and observed concentrations. All of these findings collectively highlight the robustness
and accuracy of the GC method employed, making it a valuable tool for the study and
evaluation of menthol and its prodrugs’ stability.

2.1.2. Identification of Degradation Compounds

Degradation investigations for 1c and 1g were conducted in both acidic and alkaline
environments at 70 ◦C to identify potential degradation products. Across all conditions, the
sole detected product in the reaction mixtures was menthol, which is the parent compound
for these prodrugs. The identification of compounds 1c, 1g, and menthol was confirmed by
comparing their retention times with those of standard samples using GC techniques.

When employing GC analysis, no indication of interference between menthol and
compounds 1c and 1g was detected, underscoring the feasibility of quantifying these
prodrugs even in the presence of their degradation product. As illustrated in Figure 2, the
GC chromatogram for 1c (tR = 8.57) exhibits the coexistence of its degradation product
menthol (tR = 6.09).
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The observed behavior in these stability studies demonstrated that these compounds
exhibit a clear prodrug-like behavior, emphasizing the importance of comprehending the
degradation pathways and their implications for compound stability and efficacy.

2.1.3. Aqueous Stability

The chemical stability studies of derivatives 1c and 1g were conducted in accordance
with established experimental protocols, which closely mimic biologically relevant environ-
ments. The selected pH values of 1.2, 5.8, and 7.4, along with the physiological temperature
of 37 ◦C, aimed to simulate the conditions of biological relevance. The degradation of all
prodrugs under their corresponding pH conditions, assessed by monitoring the prodrug’s
unaltered concentration over time, consistently adhered to pseudo-first-order kinetics for a
duration of more than two half-lives.

In Table 2, the rate constants that describe the conversion of 1c and 1g into menthol are
shown. These constants were determined using a linear regression analysis that involves
plotting the natural logarithm of concentration against time, following the principles of
pseudo-first-order kinetics. Additionally, Table 2 includes the half-life values calculated
from the hydrolysis rate constants in buffer solutions. Significantly, the compounds dis-
played discernible variations in stability contingent upon the specific pH conditions within
their respective environments.

Table 2. Rate constant and half-lives (t1/2) of the chemical hydrolysis of 1c and 1g at 37.0 ◦C.

Compound
pH 1.2 pH 5.8 pH 7.4

k (min−1) t1/2 (min) k (h−1) t1/2 (h) k (h−1) t1/2 (h)

1c 0.007 99.00 0.007 99.00 0.010 69.31

1g 0.007 99.00 0.007 115.52 0.010 69.31

At a pH of 1.2, all the investigated compounds displayed increased susceptibility
to degradation, with observable rapid degradation occurring within a matter of minutes.
In contrast, in the 5.8 pH environment, the prodrugs demonstrated enhanced stability,
exhibiting substantially prolonged t1/2 values ranging from 99 h to 115 h. Similar trends
were discerned at a pH of 7.4, although the t1/2 values were comparatively lower than those
observed at pH of 5.8. These findings align with previous literature reports, indicating that
carbonate is relatively stable at a pH of 5.8 [23,30,31].

It is noteworthy that these results offer valuable insights into the behavior of the
investigated compounds, specifically in terms of their stability and degradation kinetics at
different pH levels. Understanding these pH-dependent variations is of utmost importance
in designing and formulating pharmaceutical products. From the assays performed, we
observed that the hydrolysis of carbonate prodrugs by both acidic and basic catalytic
mechanisms yields CO2 and the corresponding alcohols as degradation products. The
general hydrolysis reaction of the prodrugs proceeds according to Figure 3.
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2.2. Permeability Studies
2.2.1. In Silico Assays

The estimation of the mean potential force profile (PMF) across the membrane,
as depicted in Figure 4, and the determination of the permeability coefficient across a
dioleoyl–phosphatidylcholine (DOPC) bilayer membrane, as summarized in Table 3,
for the compounds under investigation were conducted through the utilization of the
PerMM software (see Section 4 for detailed explanation about software utilization).
This computational tool enables the prediction of key physicochemical properties re-
lated to the interaction of the compounds with the lipid bilayer. The PMF analysis
offers valuable insights into the energy landscape governing the translocation of the
compounds across the membrane, while the permeability coefficient data provides
quantitative information on their diffusion through the lipid bilayer. Such compre-
hensive assessments contribute significantly to the understanding of the compounds’
behavior at the molecular level and are essential in evaluating their potential applica-
bility and efficiency in various biomedical and pharmaceutical contexts.
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Figure 4. Passive permeability predictions calculated with the PerMM server for menthol, 1c, and 1g.

Table 3. Permeability predictions as calculated using the PerMM server.

Compounds Free Energy of Binding (DOPC)

Menthol −4.32
1c −5.13
1g −5.41

From the analysis of the results shown in Figure 4, it is observed that all compounds
showed negative energy profiles at all depths of the graph with a steady state at the center
of the membrane. The studied compounds presented high ClogP values, so, from the
analysis, it can be observed that their partitioning will be higher in the hydrophobic inner
region of the lipid bilayer as opposed to the lipid–water interface within the membrane.

For all compounds, it is predicted that the energy minimum is found at the moment
of contact with the first lipid layer (≈−2 nm), and the higher the lipophilicity of the
molecule, the higher the binding free energy it presents. Once the compounds cross the
first lipid layer, an energy barrier appears before crossing the second lipid layer. Since the
energy profiles are similar to those observed in the compounds described by Mollazadeh
et al., it is possible a “flip-flop” movement occurs in these compounds, facilitating quicker
“flip-flop” movements between layers and, in theory, attaining higher concentrations on
the cytoplasmic side [23]. The permeability coefficients predicted by PerMM strengthen the
previous assumptions (Table 3). Whereas, menthol derivatives, being more hydrophobic,
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and having higher permeability coefficients, are more predisposed to accumulation in
the cytoplasm.

2.2.2. In Vitro Assays

The research conducted on apparent permeability (Papp) and steady-state fluxes (Jss)
for menthol and its two derivatives (1c and 1g) is of great significance in understanding
the transport mechanisms of these compounds. Table 4 shows the results of Papp and
Jss for three different compounds: menthol, 1c, and 1g. Additionally, the value of the
octanol–water partition coefficient (cLogP) is shown for each compound.

Table 4. Calculated octanol/water partition coefficient (cLogP), steady-state fluxes (Jss), and Papp of
menthol, menthol–propanol (1c), and menthol–hexanol (1g).

Compound cLogP Papp (10−4) (cm.s−1) Jss (10−5) (mg.s−1)

Menthol 3.33 2.75 ± 0.59 3.96 ± 0.85

1c 4.68 3.50 ± 1.66 1.23 ± 0.61

1g 6.25 5.85 ± 4.15 2.99 ± 2.12

There is a clear positive correlation between the cLogP value and the Papp. Compound
1g, with the highest cLogP value (6.25), exhibits significantly higher apparent permeability
(Papp = 5.85 × 10−4 cm/s) compared to menthol and 1c, which have cLogP values of 3.33
and 4.68, respectively. The higher lipophilicity of this derivative may play a crucial role
in facilitating its transport through the biological membrane, as indicated by its enhanced
Papp compared to the derivative 1c. This relationship suggests that lipophilicity plays a
determining role in the compounds’ ability to cross biological membranes, which aligns
with theoretical knowledge. The comprehensive results obtained from the experimentation
are in full agreement with the earlier predictions made using in silico techniques, where
the O-carbonates of menthol (1c and 1g) exhibited the highest Papp values.

From the conducted assay, it can also be established that the three compounds con-
sidered in this study may be classified as high-permeability compounds. The rationale
for this classification is based on their Papp values, which were found to exceed that of
metoprolol (1.6 × 10−5 cm/s). Metoprolol was intentionally chosen as a reference due to its
established use by Delrivo et al. (2018) [32] in evaluating the boundary between high- and
low-permeability compounds using the same permeability protocol with the same BAM.

Furthermore, a higher Jss value indicates a higher speed of flux of the drugs across
the barrier, and, although lipophilicity (cLogP) may increase Papp, it does not necessarily
lead to a higher drug flow rate through the barrier. In this case, menthol shows a Jss of
3.96 × 10−5 mg/s, while 1c has a lower value of 1.23 × 10−5 mg/s and 1g has a value of
2.99 × 10−5 mg/s. Compound 1c represents an interesting exception to this trend. Despite
having an intermediate cLogP value, it displays a lower Jss compared to Menthol and 1g,
indicating slower flux permeation through the barrier. This discrepancy could be related to
other specific factors of the compound, such as its molecular size or solubility.

In summary, the results suggest that lipophilicity plays a relevant role in compound
permeability, but it is not the sole factor influencing permeation flux. These findings high-
light the complexity of permeation processes and underscore the importance of considering
multiple factors when designing and developing pharmacological compounds with the
optimal capability to cross membranes and reach their therapeutic targets.

3. Discussion

Previous studies carried out in our research group showed that the menthol deriva-
tives designed proved to be potent antiparasitic candidates, with moderate activity against
total forms of P. falciparum and high activity against intracellular amastigotes of T. cruzi and
L. braziliensis [23]. To start the preformulation studies of the menthol derivatives synthe-
sized, in this work, we analyzed their chemical stability and permeation behavior. From
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the results of this study, the successful development and validation of a GC method for the
accurate determination and quantification of menthol and its prodrugs at various pH levels
were efficiently executed. The results obtained from the chemical stability determined
in aqueous solutions at different pH values showed that the prodrugs of menthol were
degraded to the parent compound and not to other degradation products, which led to a
simplification of the subsequent assays.

The carbonates were found to be more stable at a pH of 5.8. These profiles are in
agreement with the stability data reported by other authors. For example, N’Da et al.
developed Zidovudine carbonate prodrugs with the aim of improving the drug’s pharma-
cokinetic properties and decreasing its side effects. They found that the chemical stability
of each carbonate was significantly greater at a pH of 5.0 compared to a pH of 7.4 [31]. It
is noteworthy that carbonate prodrugs hydrolyze more rapidly than carbamate and ester
prodrugs [33]. The same behavior was observed when Dittert et al. studied the chemical
stability of carbamate and carbonate compounds in different aqueous media [30].

In silico prediction of permeability showed that both, the starting compounds and their
prodrugs, would passively permeate lipid membranes as they are hydrophobic molecules
and, therefore, their distribution will be more advantageous within the hydrophobic core of
the lipid bilayer rather than at the lipid–water interface [34,35]. For all compounds, it was
predicted that they perform “flip-flop” movements in which, depending on the environ-
ment, they establish the energetically most optimized position to cross lipid membranes.

In terms of in vitro permeability studies, the BAM used was designed to closely mimic
features of eukaryotic cellular membranes, including macrophage cells. We hypothesized
that permeability assays can give a framework for comprehending the biological results
obtained. These small molecules can cross plasma membranes into cells via simple perme-
ation, accumulating first in the hydrophobic regions of the lipid bilayer due to hydrophobic
interactions. Here, menthol derivatives have been formulated to enhance the cellular
absorption of menthol by increasing their lipophilicity and promoting the cellular uptake
by increasing the passage through membranes by simple diffusion, thus allowing more effi-
cient accumulation inside the macrophages where the parasites evaluated were hosted [36].

4. Materials and Methods
4.1. General Procedure for the Synthesis of Carbonates of Menthol

The corresponding prodrugs, obtained by association of menthol with different
aliphatic alcohols, were prepared as previously reported [23].

4.2. Stability Studies
4.2.1. GC Conditions

The following equipment were used to study GC conditions: an Agilent 7890A chro-
matograph ZB-WAX column (Agilent, Santa Clara, CA, USA) (60 m length × 0.250 mm
width × 0.25 µm film) and a flame ionizer. The set temperature limit was 20–250 ◦C, and
Helium was used as the carrier gas with a flow rate of 2.00 mL/min.

4.2.2. Validation of GC Method

Linearity. Ten concentrations equally distributed between 0.0001 and 0.1 M of menthol
and its derivatives were selected, and the corresponding calibration curves were obtained.
The data for each compound were obtained in triplicate.

Specificity. To calculate the specificity of the selected analytical method, the retention
times of menthol and its derivatives and the absence of analyte interferences at different
pH values were identified.

Limit of detection (LOD) and limit of quantification (LOQ). To determine LOD, the
lowest analyte amount in the sample that could be detected but could not be quantified with
an exact value was analyzed. In addition, the LOQ was calculated as the lowest amount
of analyte in a sample that could be quantitatively determined with adequate precision
and accuracy. Both parameters were calculated from the three lowest concentrations of
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the calibration curve of each compound, and the data for each compound were obtained
six times.

Recovery. Three solutions of known amounts of each compound corresponding to low,
medium, and high concentrations were analyzed. The percent recovery was determined
where the expected area had been calculated from the calibration curve.

Precision. Six injections of two concentrations (one high and one low) were used to
calculate precision through relative standard deviation (RSD).

4.2.3. Chemical Stability in Aqueous Buffers

Stability studies of menthol and its derivatives were performed at pH = 1.2,
pH = 5.8, and pH = 7.4 at 37 ◦C. The selected pH values of 1.2, 5.8, and 7.4, along with the
physiological temperature of 37 ◦C, aimed to simulate the conditions encountered in the
human body.

In specific, the choice of pH values (1.2, 5.8, and 7.4) and physiological temperature
(37 ◦C) was made with the purpose of mimicking the conditions found in the human body.
These specific pH values were selected to represent the acidic environment of the stomach
(pH = 1.2), the pH of the upper gastrointestinal tract (pH = 5.8), and the pH of the blood
and interstitial fluids (pH = 7.4). By subjecting the samples to these simulated physiological
conditions, we aimed to gain insights into the behavior and stability of the compounds
under realistic in vivo scenarios.

A 20 mL buffer was equilibrated at 37 ◦C for 10 min before introducing each compound
diluted in dichloromethane to give an initial concentration of 5 × 10−5 mol/mL, which
was then mixed using a vortexer for 30 s. Samples of 1 mL were extracted at appropriate
time intervals. For quantification of menthol prodrugs in GC, 1 mL of dichloromethane
was added to each sample, and then the organic phase was extracted and quantified. By
applying linear regression to the natural logarithm of the concentration vs. time plot,
the pseudo-first order rate constant of the prodrugs was determined. The data for each
compound were obtained in triplicate.

The half-life time (t1/2) for a first-order reaction was calculated according to Equation (1):

t1/2 =
2
k

(1)

4.3. Permeability Studies
4.3.1. In Silico Assays

The open source software UCSF Chimera 1.15 was used to build and optimize the
three-dimensional structures of the compounds, and the PyMol program was used for their
visualization. Additionally, we predicted passive membrane permeation across a DOPC
bilayer using the PerMM online server [37] based on the inhomogeneous solubility diffu-
sion model. For in silico permeability analysis, the PerMM server was used at T = 298 K,
pH = 5.8. The choice of a pH value of 5.8 for the in silico study was made to anticipate the
mode of passage through the BAM under these conditions. The decision not to predict
permeability at pH 7.4 was based on the understanding that this pH corresponds to the
receptor compartment, where the sample is already assumed to be permeated.

4.3.2. In Vitro Assays

Permeability analyses were conducted using a home-built side-by-side diffusion cell
composed of two half-cells connected to a water bath at 37 ◦C, equipped with a water
jacket, separated by a BAM, and constructed by impregnating Lipoid 75 in 10% (w/v)
n-octanol into a cellulose ester support following the procedure described in Delrivo
et al. (2018) [32]. The BAM was put in between the donor and receptor compartments
after reaching equilibrium in the corresponding buffer solution. Transport studies were
performed with the donor compartment filled with 4 mL of 0.287, 0.072, and 0.102 mg/mL
of drug solution (menthol or one of its two prodrugs, menthol–propanol (1c) or menthol–
hexanol (1g), respectively) in 4.0 mL of a buffer solution at a pH value of 5.8 and the receptor
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compartment being filled with phosphate-buffered saline (PBS) at a pH environment of 7.4.
Both compartments had 3% (v/v) of DMSO to ensure drug solubility and sink conditions.
Both compartments were also constantly stirred. Then, 1 mL of the receptor fluid samples
were taken at determined times and the same volume was replaced with PBS at a pH value
of 7.4 with 3% (v/v) of DMSO solution at 37 ◦C. The drug concentrations were determined
by GC analyses. Each experiment was conducted in triplicate.

The drug’s permeation flux (Jss, mg/cm2·s) and apparent permeability (Papp, cm/s)
were subsequently determined by analyzing the slope of the linear segment in the cumula-
tive drug permeation profiles across the BAM over time.

The drug flux was determined from Fick’s law of diffusion according to the Equation (2):

Jss =
dQr

A
dt (2)

In this equation, Jss represents the steady-state flux, dQr denotes the change in drug
quantity traversing the BAM into the receptor compartment, A signifies the effective diffu-
sion area in cm2 (1.44 cm2), and dt signifies the change in time. The Papp was determined
using Equation (3):

Papp =
Jss
Co

(3)

where Co is the initial drug concentration in donor solutions.

5. Conclusions

Monoterpenes, as natural compounds, display a broad spectrum of biological effects,
including antimicrobial, anti-inflammatory, anticancer, and antiparasitic effects, as we have
previously demonstrated. Their lipophilic nature facilitates efficient traversal across biological
membranes, driven by hydrophobic interactions with the lipid bilayer. Understanding these
mechanisms is pivotal for harnessing the pharmacological actions and therapeutic potential
of monoterpenes, paving the way for developing innovative drugs and therapeutic strategies.

The utilization of a carbonate linkage, which connects the hydroxyl (OH) position of
menthol to diverse aliphatic alcohols, represents an intriguing and promising approach
aimed at enhancing both the safety and effectiveness of this monoterpene compound. As
potential prodrugs, these compounds hold great potential as viable therapeutic agents for
the treatment of infectious diseases.

Author Contributions: Conceptualization, C.M.C., G.E.G. and S.R.; methodology, C.M.C., R.O. and
N.U.; software, C.M.C.; validation, C.M.C., R.O. and S.R.; formal analysis, C.M.C., R.O., G.E.G. and
S.R.; resources, S.R.; writing—original draft preparation, C.M.C., R.O., G.E.G. and S.R.; writing—review
and editing, C.M.C. and S.R.; visualization, C.M.C. and S.R.; supervision, C.M.C. and S.R.; project
administration, S.R. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Universidad Nacional de Villa María and Consejo Nacional
de Investigaciones Científicas y Técnicas de Argentina (RES2021.024, RES2021.11, Res2021.384 and
RES2022.358. 210.000 ARS).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors acknowledge their respective universities and institutions for
their support. In addition, we thank Mariana Bonaterra (IMITAB-UNVM) for their cooperation in
GC analysis.

Conflicts of Interest: The authors declare no conflict of interest.



Drugs Drug Candidates 2023, 2 779

References
1. Pinto, G.B.; dos Reis Corrêa, A.; da Silva, G.N.C.; da Costa, J.S.; Figueiredo, P.L.B. Drug Development from Essential Oils: New

Discoveries and Perspectives. In Drug Discovery and Design Using Natural Products; Cruz, J.N., Ed.; Springer Nature: Cham,
Switzerland, 2023; pp. 79–101; ISBN 9783031352058.

2. Boukhatem, M.N.; Setzer, W.N. Aromatic Herbs, Medicinal Plant-Derived Essential Oils, and Phytochemical Extracts as Potential
Therapies for Coronaviruses: Future Perspectives. Plants 2020, 9, 800. [CrossRef]

3. De Matos, S.P.; Teixeira, H.F.; de Lima, Á.A.N.; Veiga-Junior, V.F.; Koester, L.S. Essential Oils and Isolated Terpenes in Nanosystems
Designed for Topical Administration: A Review. Biomolecules 2019, 9, 138. [CrossRef]

4. Jafri, H.; Ahmad, I. Thymus Vulgaris Essential Oil and Thymol Inhibit Biofilms and Interact Synergistically with Antifungal
Drugs against Drug Resistant Strains of Candida Albicans and Candida Tropicalis. J. Mycol. Med. 2020, 30, 100911. [CrossRef]

5. Valdivieso-Ugarte, M.; Gomez-Llorente, C.; Plaza-Díaz, J.; Gil, Á. Antimicrobial, Antioxidant, and Immunomodulatory Properties
of Essential Oils: A Systematic Review. Nutrients 2019, 11, 2786. [CrossRef]

6. Swamy, M.K.; Akhtar, M.S.; Sinniah, U.R. Antimicrobial Properties of Plant Essential Oils against Human Pathogens and Their
Mode of Action: An Updated Review. Evid. Based. Complement. Altern. Med. 2016, 2016, 3012462. [CrossRef] [PubMed]

7. El-Tarabily, K.A.; El-Saadony, M.T.; Alagawany, M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Elwan, H.A.M.; Elnesr, S.S.;
Abd El-Hack, M.E. Using Essential Oils to Overcome Bacterial Biofilm Formation and Their Antimicrobial Resistance. Saudi J.
Biol. Sci. 2021, 28, 5145–5156. [CrossRef] [PubMed]

8. Abers, M.; Schroeder, S.; Goelz, L.; Sulser, A.; St Rose, T.; Puchalski, K.; Langland, J. Antimicrobial Activity of the Volatile
Substances from Essential Oils. BMC Complement. Med. Ther. 2021, 21, 124. [CrossRef] [PubMed]

9. Zhao, Q.; Zhu, L.; Wang, S.; Gao, Y.; Jin, F. Molecular Mechanism of the Anti-Inflammatory Effects of Plant Essential Oils:
A Systematic Review. J. Ethnopharmacol. 2023, 301, 115829. [CrossRef] [PubMed]

10. Ben Ammar, R. Potential Effects of Geraniol on Cancer and Inflammation-Related Diseases: A Review of the Recent Research
Findings. Molecules 2023, 28, 3669. [CrossRef]

11. De Cássia da Silveira E Sá, R.; Andrade, L.N.; Dos Reis Barreto de Oliveira, R.; de Sousa, D.P. A Review on Anti-Inflammatory
Activity of Phenylpropanoids Found in Essential Oils. Molecules 2014, 19, 1459–1480. [CrossRef]

12. Amorati, R.; Foti, M.C.; Valgimigli, L. Antioxidant Activity of Essential Oils. J. Agric. Food Chem. 2013, 61, 10835–10847. [CrossRef]
[PubMed]

13. Bhavaniramya, S.; Vishnupriya, S.; Al-Aboody, M.S.; Vijayakumar, R.; Baskaran, D. Role of Essential Oils in Food Safety:
Antimicrobial and Antioxidant Applications. Grain Oil Sci. Technol. 2019, 2, 49–55. [CrossRef]

14. Diniz do Nascimento, L.; de Moraes, A.A.B.; da Costa, K.S.; Pereira Galúcio, J.M.; Taube, P.S.; Costa, C.M.L.; Neves Cruz, J.;
de Aguiar Andrade, E.H.; de Faria, L.J.G. Bioactive Natural Compounds and Antioxidant Activity of Essential Oils from Spice
Plants: New Findings and Potential Applications. Biomolecules 2020, 10, 988. [CrossRef] [PubMed]

15. Sharma, M.; Grewal, K.; Jandrotia, R.; Batish, D.R.; Singh, H.P.; Kohli, R.K. Essential Oils as Anticancer Agents: Potential Role
in Malignancies, Drug Delivery Mechanisms, and Immune System Enhancement. Biomed. Pharmacother. 2022, 146, 112514.
[CrossRef]

16. Mukarram, M.; Choudhary, S.; Khan, M.A.; Poltronieri, P.; Khan, M.M.A.; Ali, J.; Kurjak, D.; Shahid, M. Lemongrass Essential Oil
Components with Antimicrobial and Anticancer Activities. Antioxidants 2021, 11, 20. [CrossRef]

17. De Mesquita, L.S.S.; Luz, T.R.S.A.; de Mesquita, J.W.C.; Coutinho, D.F.; do Amaral, F.M.M.; de Sousa Ribeiro, M.N.; Malik, S.
Exploring the Anticancer Properties of Essential Oils from Family Lamiaceae. Food Rev. Int. 2019, 35, 105–131. [CrossRef]

18. Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological Effects of Essential Oils—A Review. Food Chem. Toxicol. 2008,
46, 446–475. [CrossRef]

19. Kamatou, G.P.P.; Vermaak, I.; Viljoen, A.M.; Lawrence, B.M. Menthol: A Simple Monoterpene with Remarkable Biological
Properties. Phytochemistry 2013, 96, 15–25. [CrossRef]

20. Singh, M.; Kumar, S.; Kumar, A.; Kumar, P.; Narasimhan, B. Synthesis, Antimicrobial Evaluation, and QSAR Analysis of
2-Isopropyl-5-Methylcyclohexanol Derivatives. Med. Chem. Res. 2012, 21, 511–522. [CrossRef]

21. Clemente, C.M.; Ravetti, S.; Allemandi, D.A.; Hergert, L.Y.; Pineda, T.; Robledo, S.M. Synthesis, In Vitro Antiprotozoal Activity
and Cytotoxicity of New Thymol Carbonate Derivatives. ChemistrySelect 2021, 6, 6597–6600. [CrossRef]

22. Clemente, C.M.; Pineda, T.; Yepes, L.M.; Upegui, Y.; Allemandi, D.A.; Robledo, S.M.; Ravetti, S. Eugenol Carbonate Activity
against Plasmodium Falciparum, Leishmania Braziliensis, and Trypanosoma Cruzi. Arch. Pharm. 2022, 355, e2100432. [CrossRef]
[PubMed]

23. Clemente, C.M.; Robledo, S.M.; Ravetti, S. Menthol Carbonates as Potent Antiparasitic Agents: Synthesis and in Vitro Studies
along with Computer-Aided Approaches. BMC Complement. Med. Ther. 2022, 22, 156. [CrossRef] [PubMed]

24. Fabbri, J.; Clemente, C.M.; Elissondo, N.; Gambino, G.; Ravetti, S.; Hergert, L.Y.; Palma, S.D.; Elissondo, M.C. Anti-Echinococcal
Activity of Menthol and a Novel Prodrug, Menthol-Pentanol, against Echinococcus multilocularis. Acta Tropica 2020, 205, 105411.
[CrossRef]

25. Singh, H.; Kumar, R.; Mazumder, A.; Salahuddin; Yadav, R.K.; Chauhan, B.; Abdulah, M.M. Camphor and Menthol as Anticancer
Agents: Synthesis, Structure-Activity Relationship and Interaction with Cancer Cell Lines. Anticancer Agents Med. Chem. 2023,
23, 614–623. [PubMed]

https://doi.org/10.3390/plants9060800
https://doi.org/10.3390/biom9040138
https://doi.org/10.1016/j.mycmed.2019.100911
https://doi.org/10.3390/nu11112786
https://doi.org/10.1155/2016/3012462
https://www.ncbi.nlm.nih.gov/pubmed/28090211
https://doi.org/10.1016/j.sjbs.2021.05.033
https://www.ncbi.nlm.nih.gov/pubmed/34466092
https://doi.org/10.1186/s12906-021-03285-3
https://www.ncbi.nlm.nih.gov/pubmed/33865375
https://doi.org/10.1016/j.jep.2022.115829
https://www.ncbi.nlm.nih.gov/pubmed/36252876
https://doi.org/10.3390/molecules28093669
https://doi.org/10.3390/molecules19021459
https://doi.org/10.1021/jf403496k
https://www.ncbi.nlm.nih.gov/pubmed/24156356
https://doi.org/10.1016/j.gaost.2019.03.001
https://doi.org/10.3390/biom10070988
https://www.ncbi.nlm.nih.gov/pubmed/32630297
https://doi.org/10.1016/j.biopha.2021.112514
https://doi.org/10.3390/antiox11010020
https://doi.org/10.1080/87559129.2018.1467443
https://doi.org/10.1016/j.fct.2007.09.106
https://doi.org/10.1016/j.phytochem.2013.08.005
https://doi.org/10.1007/s00044-011-9550-3
https://doi.org/10.1002/slct.202101461
https://doi.org/10.1002/ardp.202100432
https://www.ncbi.nlm.nih.gov/pubmed/34954824
https://doi.org/10.1186/s12906-022-03636-8
https://www.ncbi.nlm.nih.gov/pubmed/35698116
https://doi.org/10.1016/j.actatropica.2020.105411
https://www.ncbi.nlm.nih.gov/pubmed/35950244


Drugs Drug Candidates 2023, 2 780

26. Szymczak, J.; Sobotta, L.; Dlugaszewska, J.; Kryjewski, M.; Mielcarek, J. Menthol Modified zinc(II) Phthalocyanine Regioisomers
and Their Photoinduced Antimicrobial Activity against Staphylococcus Aureus. Dyes Pigm. 2021, 193, 109410. [CrossRef]
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