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Abstract

This study focuses on the synthesis of menthyl ester derivatives from menthol and vari-
ous amino acids such as glycine, histidine, and leucine, and their characterization via
high-performance liquid chromatography, Fourier-transform infrared (FTIR) spectros-
copy, carbon-13 nuclear magnetic resonance (!*C-NMR) spectroscopy, X-ray diffraction
(XRD), and scanning electron microscopy (SEM) analyses to determine their structural,
chemical, and morphological properties. The FTIR and '*C-NMR analyses provided
detailed information about the molecular structure, confirming the formation of the men-
thol-amino acid ester derivatives. The XRD and SEM analyses revealed distinct crystal
structures and surface morphologies of the menthol and the ester derivatives. Addition-
ally, antimicrobial activity tests were performed to evaluate their effectiveness against
various microorganisms. This study highlights the potential of these compounds as
promising candidates for innovative applications in antimicrobial therapies and related
scientific disciplines.

Keywords Menthol - Amino acid - Menthyl ester - Antimicrobial activity - Terpenoid -
Antioxidant

Introduction

Plants remain the most exclusive source of medicines, even after the Industrial Revolu-
tion and the invention of organic chemistry. According to the World Health Organization
(WHO), traditional medicines and therapies are used by 80% of the world’s population [1].
Approximately 25% of the medicines currently administered around the world are derived
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from natural resources. According to WHO research, 11% of these drugs are purely plant-
based, while a significant proportion is synthetic drugs made from natural precursors.
Natural chemicals can serve as lead compounds, facilitating the rational design and devel-
opment of innovative drugs, biomimetic synthesis, and identification of previously undis-
covered medicinal properties [2]. The use of natural products, especially those derived
from plants, for medicinal purposes and alternative therapies has recently gained popular-
ity. The lack of efficacy of conventional drugs, abuse of synthetic drugs, side effects, and
toxicity issues are some of the factors driving interest in plant-derived drugs [3].

Terpenoids such as menthol and taxol show many biological effects and are often used
in traditional medicine and pharmaceutical research [4]. The medicinal properties are
related to the presence of phenolic chemicals in mint species. Menthol, which is a cyclic
monoterpene alcohol of plant origin, is isolated from peppermint or other mint oils. It is
also commonly used in oral hygiene products, pesticides, cosmetics, pharmaceuticals, con-
fectionery, and flavoring agents because of its antioxidant, anti-inflammatory, and analge-
sic effects [5]. Menthol is widely used in a variety of diseases, including inflammatory
diseases, cancer, pain disorders, respiratory disorders, cardiovascular diseases, and skin
diseases due to its numerous biological properties. Research on novel menthol-based bio-
materials, which are undervalued anticancer agents, is warranted to expand their traditional
uses, especially to provide better formulations containing additional active molecules,
to reduce drug toxicity, and to develop structurally optimized analogs, which require more
extensive and interdisciplinary efforts [6].

Enhancing the properties of menthol above through structural modification can lead to
the development of more effective derivatives. In the review of de Castro Teixeira et al.
[7], 26 articles on in vitro studies were selected, including 62 potential antifungal menthol
compounds obtained by organic synthesis. The number of studies conducted on menthyl
esters, a group of these compounds, has begun to increase over the past 5 years [8—13].

Menthyl esters with dicarboxylic acids synthesized by Ettibaeva et al. were examined
with respect to their physical and chemical properties [8, 9]. Novel derivatives such as
dimenthyl succinate, menthyl maleinate, menthyl malonate, and dimenthyl glutarate were
synthesized, and their biological activities were evaluated [8]. The potential of menthol—
amino acid conjugates synthesized by the reaction of L-menthol with t-Boc—amino acids
as TRPMS agonists was described [10]. The study investigated in silico design and syn-
thesis of new menthol ester derivatives to synthesize potent antibacterial and anti-inflam-
matory medicines [11]. The developed menthyl esters of valine and isoleucine were found
to exhibit anti-inflammatory properties beyond those of the well-known menthol in mac-
rophages stimulated with lipopolysaccharide and in a mouse model of colitis induced by
sodium dextran sulfate [12]. The study by Tsuzuki et al. [13] focused on developing novel
compounds, specifically terpene derivatives consisting of menthol and various amino
acids, with the potential to elicit plant defense responses. Menthyl esters of glycine, ala-
nine, valine, leucine, isoleucine, and phenylalanine were prepared by esterifying L-menthol
with the amino acids using the method based on a previous report, and characterized using
'H-NMR spectroscopy. Among the tested menthyl esters, valine menthyl ester (ment-Val)
was found to be particularly effective in elevating the transcript levels of defense genes in
soybean plants. Menthol and the menthyl esters of glycine, alanine, leucine, isoleucine, and
phenylalanine were not effective at inducing these defense genes at the same dose (1 uM).
The study also found that both menthol and ment-Val were effective in reducing the num-
ber of eggs laid by adult female two-spotted spider mites (Tetranychus urticae) on leaves.

More studies on menthol derivatives are needed to better explore their biological activ-
ity and confirm their efficacy. This should be done without ruling out chemical structure
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modification as a way to improve pharmacological potential [7]. The aim of this study is
to synthesize menthol-amino acid ester derivatives through the reaction of menthol with
various amino acids such as glycine, histidine, and leucine, and to characterize these com-
pounds in respect of chemical, structural, and morphological properties. Moreover, the
investigation of the antimicrobial potential of these compounds and the assessment of their
applicability in the development of novel antimicrobial agents constitute the main motiva-
tion of this study.

Materials and Methods
Chemicals

All reagents and solvents used in the synthesis were of analytical grade. Menthol was pur-
chased from Shandong Baovi Energy Technology Co., Ltd. L-Histidine and L-leucine were
obtained from Xi’an Ceres Biotech Co., Ltd. Glycine was purchased from Wuxi Jinghai
Amino Acid Co., Ltd. Sabouraud dextrose broth (SDB) and dimethyl sulfoxide (DMSO)
were from Merck. Mueller Hinton broth (MHB) was obtained from Millipore. Thiazolyl
blue tetrazolium bromide (TBTB), methanol, and ethanol were acquired from Sigma.

Synthesis of Menthol-Amino Acid Ester Derivatives

0.013 mol of the menthol was dissolved in 0.5 mL of methanol by stirring for 30 min.
0.01 mol of each amino acid (glycine (Gly), leucine (Leu), and histidine (His)) was thor-
oughly dissolved in 7 mL of concentrated HCIL. After both solutions were completely dis-
solved, they were combined into a single container, and then stirred at 35—40 °C for 5-6 h.
The resulting mixtures were washed with cold ethanol and dried in vacuum to obtain the
menthol-based compounds shown in Fig. 1. The percent yields of Ment-Gly, Ment-Leu,
and Ment-His compounds were determined as 85.2%, 93.2%, and 76.1%, respectively.

Characterization

High-performance liquid chromatography (HPLC), Fourier-transform infrared spectros-
copy (FTIR), X-ray diffraction (XRD), carbon-13 nuclear magnetic resonance (3*C-NMR)
spectroscopy, and scanning electron microscopy (SEM) analyses were used to clarify
chemical structures and surface morphologies of the menthol and its ester derivatives with
the amino acids. In addition, broth dilution method was used to examine antimicrobial
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Fig. 1 Structures of the ester derivatives formed by menthol with the amino acids
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activity of each compound. All the methods above provide detailed insights into the struc-
tures of the menthol-amino acid ester derivatives, which is critical for evaluating their effi-
cacy and safety as pharmaceutical agents.

HPLC Analyses

HPLC was performed using a Shimadzu LC-40D system from Japan to purify and sepa-
rate the menthol and the ester derivatives. The separation was carried out on Shim-pack
Scepter C18-120 column in Agilent 1200 HPLC system (Agilent Technologies, USA).
The column measures 250 mm in length and 4.6 mm in internal diameter, with a particle
size of 3 pm. Silica gel 60 F254 thin-layer chromatography plates were used as the sta-
tionary phase. Each compound was dissolved at a concentration of 5 mg/mL in ethanol
or methanol. The mobile phase was a mixture of water and acetonitrile, and its composi-
tion changed over time according to a gradient program: From 0.0 to 3.0 min, the mobile
phase was 20% water and 80% acetonitrile. From 4.0 to 7.0 min, it changed to 70% water
and 30% acetonitrile. From 8.0 to 10.0 min, it shifted to 40% water and 60% acetonitrile.
The mobile phase returned to the initial condition of 20% water and 80% acetonitrile at
11.0 min. The flow rate of the mobile phase was set at 0.8 mL/min, and the column tem-
perature was maintained at 30 °C to ensure consistent separation conditions. Detection
of the compounds was carried out using a refractive index detector (RID-20A), which
measures changes in the refractive index of the mobile phase as different compounds elute
from the column.

FTIR Analyses

FTIR analyses were performed with the attenuated total reflection mode of IR Affinity-
1S (Shimadzu, Japan) spectrometer. The analyses with the resolution of 2 cm™" were con-
ducted in the range of 550-4000 cm™".

13C-NMR Analyses

13C-NMR measurements were conducted on an Agilent Technologies brand 400 MHz
NMR spectrometer. The samples were measured at 298 K in DMSO-d, (Deutero GmbH,
Kastellaun, Germany) with reference to the residual deuterated solvent signal (8¢
39.5 ppm). Signal splitting patterns were described as singlet (s), doublet (d), multiplet
(m), and doublet of triplets (dt).

XRD Analyses

XRD patterns were obtained via a Rigaku Ultima-IV X-ray diffraction device. The X-ray
beam was derived from nickel-filtered Cu Ko (A=0.154 nm) radiation in a sealed tube
operated at 40 kV and 15 mA. The diffraction curves were ranged from 2 to 60° at a scan
speed of 5°/min.

SEM Analyses

Surface morphologies of the compounds were examined via a QUANTA 400F field emis-
sion SEM with a resolution of 1.2 nm after they were coated with Au—Pd (3 nm) on a
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carbon film. SEM images were obtained from the surface of each compound atx 10,000
and X 20,000 magnifications.

Antimicrobial Activity Tests

To evaluate the antimicrobial activity of the compounds, various Gram (+) bacteria (Staph-
ylococcus aureus (ATCC 6538P), Bacillus cereus (CCM 99), and Streptococcus agalactiae
(ATCC 23956)) and Gram (—) bacteria (Klebsiella pneumoniae (CCM 26 2318), Escheri-
chia coli (ATCC 11230), Proteus vulgaris (ATCC 6897), and Serratia marcescens (ATCC
13880)) were used. Furthermore, the fungal pathogen Candida albicans (ATCC10239)
was also utilized in this study.

For the evaluation of antimicrobial properties, various methods such as broth dilution
method [14, 15], disk diffusion method [15-18], conductivity determination [14], determi-
nation of intracellular adenine nucleoside triphosphate [14], and biofilm inhibition poten-
tial assay [16] have been utilized. The broth dilution method is the standard method used to
determine minimum inhibitory concentration (MIC) and minimum bactericidal/fungicidal
concentration (MBC/MFC) values. Considering MIC and MBC values together provides
more detailed and quantitative information regarding the effectiveness of an antimicrobial
agent against bacteria. MBC values specifically indicate the concentration required to kill
bacteria, whereas MIC values indicate the concentration that inhibits visible growth. Other
methods, such as the disk diffusion method, generally offer a qualitative or semi-quanti-
tative assessment of efficacy by measuring only the diameter of the inhibition zone. The
study by Huang et al. [14] indicated that MIC and MBC values were examined for further
evaluation of antibacterial properties after the disk diffusion test, implying a more compre-
hensive assessment than disk diffusion alone. The MIC values were determined for ZnO
nano-flowers [15], and the efficacy of the nano-flowers synthesized by different methods
was compared using the quantitative values. Similarly, MIC and MBC values were deter-
mined for silver nanoparticles, and these values were used to interpret the agent’s “out-
standing antimicrobial activity.” Lower MIC and MBC values indicated higher potency of
the agent [14, 15]. This combined approach offers quantitative, concentration-based results,
clarifying whether the effect is primarily inhibitory or killing. Furthermore, it allows for a
direct comparison of potency at the concentration level. These features are what distin-
guish the combined use of MIC and MBC/MFC from the methods that only measure inhi-
bition zones.

MIC values for the microorganisms mentioned above were determined using the dilu-
tion methods according to Approved Standards [19, 20] for antimicrobial susceptibility
tests. MHB and SDB were used for antibacterial activity and antifungal activity, respec-
tively. For the antimicrobial activity studies, each sample was dissolved in DMSO to pre-
pare a stock solution at a concentration of 1024 pg/mL. The final concentrations in the
wells ranged from 1 to 512 ug/mL. In this study, the negative control well contained no
organisms, whereas the positive control well contained organisms. The antibacterial and
antifungal activity tests were performed in three series. All microplates were incubated at
37 °C for the bacteria and 28 °C for the fungus during 24 h. Subsequently, 20 pL. of TBTB
was added to the wells and incubated for 4 h more at 37 °C. The color change in the solu-
tion indicated positive growth, with the wells showing this change turning pink. For the
determination of MBC and MFC values, an inoculum was taken from the wells at the MIC
and higher-concentration and then added to the wells containing fresh and sterile SDB for
the fungus and MHB for the bacteria. The plates were then incubated as before, at 37 °C
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for the bacteria and at 28 °C for the fungus. The color change in the positive and negative
control wells was checked with the TBTB indicator. The MBC/MFC values were deter-
mined as the lowest concentrations without bacterial or fungal growth.

Results and Discussion
HPLC Analyses

HPLC chromatograms of the menthol and its compounds are shown in Fig. 2. The reten-
tion time is approximately 4.30 min in the chromatogram of the menthol. The retention
times of Ment-His, Ment-Gly, and Ment-Leu are 11.98, 8.69, and 6.33 min, respectively.
The typical retention times of L-menthol assigned the (1R, 2S, 5R) configuration, dodeca-
noic acid, and their ester (L-menthyl dodecanoate) were determined in another study [21]
to be 5.6, 9.3, and 18.3 min, respectively. The effects of the functional groups in the amino
acids on the polarity of the compounds can alter the separation process in HPLC. The
observed changes in the retention times indicate the presence of new menthol compounds.
In addition, the width and height of the peaks for each compound in Fig. 2 are clear and
distinct, indicating the purity of the substances obtained. This also confirms the absence of
additional impurities.

The retardation factor (Rf) value is the ratio of the distance traveled by a compound
(cm) to that traveled by a solvent (cm). The Rf values of the menthol, Ment-Gly, Ment-
Leu, and Ment-His were determined to be 0.55, 0.45, 0.5, and 0.4 cm, respectively. The Rf
values of Ment-Gly and Ment-His are lower than those of the others due to the functional
groups of the amino acids increasing the polarity of the compounds. Ment-His has the low-
est Rf value due to the presence of an imidazole ring, which makes it highly polar. The Rf
value of Ment-Leu is slightly greater than that of Ment-Gly because of the nonpolar alkyl
chain of leucine which interacts less with the adsorbent. The comparison of these R; values
confirm the formation of new menthol-based compounds.
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Fig.2 HPLC chromatograms of the menthol, Ment-Gly, Ment-Leu, and Ment-His compounds
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FTIR Analyses

The FTIR spectra of the menthol and its compounds are shown in Fig. 3. In the FTIR spec-
trum of the menthol (Fig. 3a), a broad peak is observed at around 3246 cm™, correspond-
ing to OH stretching (H-bonded). The C—H stretching exhibits several distinct peaks in the
range of 2800-3000 cm™! due to the stretching vibrations of methyl (-CHs) and methylene
(>CH,). The C-O group displays stretching vibrations in the range of 1000-1300 cm™!
Additionally, the bending vibrations are observed in the range of 1300-1500 cm™', cor-
responding to the bending of the methyl and methylene groups. These observations are
consistent with those of another studies [10, 22].

The changes in the ranges of 3000-3300 cm™', 2800-3000 cm™!, and 1700-1750 cm™!
indicate the presence of —-NH,, —CH,, and —COO groups arised from the reaction of
the menthol with the glycine in the FTIR spectrum of Ment-Gly compound (Fig. 3b),
respectively. In addition, the peaks at 848 cm™! (C-N stretch) and at 1213 cm™! (C-C-O
stretch) also confirm the functional groups. The FTIR spectra of Ment-Leu and Ment-His
compounds in Fig. 3c—d show similar changes mentioned above, as the functional groups
of leucine and histidine reacting with menthol are similar to that in glycine. In addition,
Ment-His may have peaks at 815, 1221, and 1391 cm™" due to the imidazole group of
histidine [23-25] in its FTIR spectrum. The lack of the characteristic —OH stretching of
menthol at 3246 cm™! and the appearance of carbonyl (C=0) stretching in the range of
1730-1736 cm™! in the FTIR spectra (Fig. 3b—d) reveal that the hydroxyl group of the
menthol reacted with the carboxyl groups of the amino acids to form the menthyl ester
derivatives, as supported by another studies [10, 26].
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C-NMR Analyses

The '3C chemical shifts from the '*C-NMR spectra (see Supplementary Information, SI
Figs. 1, 2, 3, 4) of the menthol and its compounds are summarized in Table 1. Some of the
observed shifts in the spectrum of the menthol and possible carbon atoms indicated by those
shifts are largely in agreement with the results of the spectrum in which DMSO-d4 was used
as a solvent in another study [27]. The consistent results with the study are shown in Table 1
in italics. The chemical shifts for the carbon atoms numbered with 1 and 2 in Fig. 1 were
reported as 70.24 and 50.40 ppm, whereas 70.80 and 50.80 ppm values are observed for
these carbons in this study. Ment-Gly, Ment-Leu, and Ment-His compounds have chemical
shifts between 169 and 173 ppm for the ester carbon (11) and between 40 and 53 ppm for
the carbon (12). The shifts for the carbon atoms (11) and (12) at various amino esters of
menthol [28] were observed in the ranges of 166.9-170.9 ppm and 40.7-60.6 ppm, respec-
tively. These shifts in this study are in line with that of the study. In addition, the chemical
shifts for the carbons (11), (16), (14), and (15) were observed at approximately 175, 140,
130, and 120 ppm in the '3C-NMR spectra of polycrystalline powders of histidine, respec-
tively [29]. The chemical shifts of Ment-His for these carbons are consistent with the study.
These observations support the findings obtained from the FTIR analysis and possible reac-
tion schemes for the synthesis of the menthol-amino acid ester derivatives in Fig. 4.

XRD Analyses

The thermodynamic behavior of menthol under variable temperature and pressure condi-
tions reveals complex phase equilibria involving multiple solid-state forms. Menthol stands
out for its diverse crystallization and melting behaviors. It crystallizes in at least four forms
(o, B, v, O), but only the a form is stable, melting at 42.5 °C. The other forms are unstable
(monotropic) with lower melting points and eventually transform into the stable a form
over time [30]. In addition, menthol of a single asymmetric carbon atom exists as two dis-
tinct optical isomers: the levorotatory enantiomer (L-menthol) and the dextrorotatory enan-
tiomer (D-menthol). The predominant form encountered naturally is L-menthol, which is
commonly isolated from Mentha species, such as M. piperita. Conversely, D-menthol is
predominantly produced via chemical synthesis and can serve as a replacement or supple-
ment for naturally derived menthol. DL-menthol, widely utilized across various industrial
fields, is defined as a racemic mixture comprising equimolar proportions of the L- and
D-menthol enantiomers [31]. The study of Corvis et al. [31] reported that it was not pos-
sible to determine the crystal structure of the racemic menthol from powder diffraction pat-
terns using Rietveld refinement. The crystal structure of this compound was subsequently
determined by X-ray single crystal diffraction. It was noted that the hydrogen atom of the
hydroxyl group was shared by two independent menthol units. This complex structure is
thought to explain the difficulty in obtaining the crystal structure from the powder diffrac-
tion pattern. The metastable (p) polymorphs of L- and DL-menthol were identified, and
their cell parameters were determined using X-ray powder diffraction. It was also stated
that § L-menthol remained stable at—80 °C for at least 8 h. § DL-menthol rapidly con-
verted to its stable form (a form) at 15 °C [31]. The presence of various polymorphic forms
and the distinct crystalline forms in menthol and the operating conditions resulted in differ-
ent patterns in XRD analyses [31, 32]. In addition, the standard menthol crystals produced
by the conventional method showed well-defined crystalline peaks with 26 equals to 9.24,
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Fig. 4 Possible reaction schemes for the synthesis of the menthol-amino acid ester derivatives

13.93, 22.19, 52.26, and 57.46°, while the menthol crystals prepared via short-path molec-
ular fractional distillation followed by stripping crystallization exhibited the peaks with 20
equals to 8.01, 14.15, 15.24, 16.76, 17.38, 19.21, 20.35, and 21.73° [22]. These findings
also show that the synthesis method affects the crystal structure of the resulting menthol
and, consequently, its XRD pattern.

The peak values observed for menthol in some studies [22, 31, 32], along with the
limitations mentioned above regarding its XRD analysis, were examined to evaluate the
XRD pattern of menthol in this study. The sharpest five peaks in the XRD pattern, ranging
from 20=06 to 24°, at 25 °C for o L-menthol, were approximately at 8, 16.8, 17.3, 19.2,
and 20.5°. Additionally, the peaks of moderate and weak intensity were also observed
in this pattern [31]. In order to examine the effect of biofield energy on the physical and
structural properties of thymol and menthol, the control and the biofield-treated men-
thol samples were characterized using XRD, DSC, TGA, and FTIR analysis techniques
in the study of Trivedi et al. [33]. The control menthol sample showed the peaks with
20 equals to 12.11, 12.33, 13.83, 14.09, 14.41, 16.07, 16.21, 16.64, 16.78, 16.93, 20.56,
20.82, 24.38, and 32.74°. Figure 5 shows the XRD patterns of the menthol, Ment-Gly,
Ment-Leu, and Ment-His from bottom to top. The peaks with 20 equals to about 8.7, 12.9,
14.7, 16.9, 17.6, 20.8, 21.2, 22.3, 26.9, and 29.5° are observed in the XRD pattern of
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Table 1 '3C chemical shifts of the menthol, Ment-Gly, Ment-Leu and Ment-His

Compounds 6C (ppm) Number
of atoms
(Fig. 1)

Menthol 70.80 (s), 69.41 (s) 1
50.80 (s), 46.85 (d), 45.83 (s), 44.54 (s) 2,6
34.44 (d), 32.45 (s), 31.19 (s) 4.5
26.32 (s), 24.92 (d), 24.48 (d) 7
23.55(s),22.94 (m), 3
22.19 (m), 21.00 (m) 9,10
17.36 (m), 16.07 (m), 14.99 (s) 8

Ment-Gly 169.37 (s), 11
41.61 (s), 40.85 (s) 12
39.11 (s), 38.74 (s)

Ment-Leu 172.04 (dt), 11
51.79 (d), 50.45 (s) 12
39.68 (s), 38.60 (s) 13,14
24.86 (s), 23.45 (s), 22.18 (s) 15, 16

Ment-His 170.25 (s) 11
135.74 (s), 135.68 (s), 133.56 (s), 133.49 (s) 16, 14
127.75 (s), 119.50 (s), 117.53 (s) 15
52.34 (s), 50.90 (s) 12
39.30 (s) 13

27.06 (s), 25.73 (s), 24.41 (s)

Ment-His
"
& ‘ Ment-Leu
- |
& |
z
8 Ment-Gly
=
! e
Menthol
5 10 15 20 25 30 35 40 45 50 55 60

20 (°)

Fig.5 XRD patterns of the menthol, Ment-Gly, Ment-Leu, and Ment-His

the menthol as well as some weak peaks with lower heights than the peaks above. These
peaks are not expected to be completely consistent with the data in the literature due to the
reasons mentioned above. Additionally, the XRD data obtained for menthol in this study
show similarities with the findings reported by Corvis et al. [31] and Mushtaq et al. [22]
in terms of some peaks. Considering the phase transitions of menthol above, the observed
peaks, and the variability in the peak widths in Fig. 5, it may be said that there are prob-
ably phase transitions and multiple phases in the structure of the menthol. The peaks of
the menthol disappeared in the XRD patterns of its compounds. In addition, Ment-Gly has
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two sharp peaks at 25.2 and 26.1°, whereas Ment-Leu has a sharp peak at 6.85° according
to its XRD pattern. Ment-His’s pattern shows no peak with an intensity as high as those
observed for other compounds. However, the peaks with 20 values of about 22.3, 25.9,
and 26.4° are the three most intense peaks for this compound. According to the XRD find-
ings, each compound has a unique crystal structure that differs from that of the menthol.
The detailed analysis and the crystallite sizes for the prominent peaks at the XRD pat-
terns in Fig. 5 are summarized in Table 2. The average crystallite size is found to be 23.8 nm
with a standard deviation of 9.17 nm when the peaks at Table 2 are included in the calcula-
tion of the crystallite sizes in the menthol by using Scherrer equation. The average values,
calculated using this equation, were reported as 45.08 nm and 52.23 nm for menthol sam-
ples in another studies [22, 33]. The values for Ment-Gly, Ment-Leu, and Ment-His com-
pounds are 86.4+7.11 nm, 50.37+21.70 nm, and 56.76 +9.67 nm, respectively. It can be
said that all compounds have nanocrystalline structures. In addition, it can be concluded that
the average crystallite sizes of the menthol compounds are larger than that of the menthol.

SEM Analyses

The mint essential oil obtained through short-path molecular fractional distillation in
another study [22] yielded fractions of 5.9 g at 21-23 °C (F1), 4.6 g at 32-35 °C (F2),

Table 2 Detailed XRD analysis for the compounds

Compound 20 (°) d (A) Height (cps) FWHM (°) Int. I (cps®) Crystallite
size d (nm)
Menthol 8.706 10.148 230455 0.242 66727 344
12.976 6.8170 71066 0.189 28580 442
14.717 6.014 74996 0.532 44075 15.7
16.960 5.2235 78953 0.520 48503 16.1
17.613 5.0315 152737 0.398 71774 21.1
20.815 4.2640 32029 0.317 12319 26.6
21.180 4.1914 55626 0.38 25570 223
22.278 3.9872 334152 0.445 180681 18.9
26.950 3.3057 60216 0.535 34734 16.0
29.501 3.0253 116994 0.378 51296 22.7
Ment-Gly 12.549 7.0479 41116 0.099 5120 84.0
25.218 3.5285 314001 0.105 38853 80.8
26.099 34115 527861 0.090 61006 94.4
Ment-Leu 6.853 12.889 117774 0.143 20567 57.9
14.346 6.1689 17779 0.124 3655 67.3
24.373 3.6491 22491 0.328 8209 259
Ment-His 20.130 4.4075 13204 0.129 2316 65.3
22.341 3.9762 27486 0.135 5051 62.4
22.996 3.8644 10361 0.159 2251 533
25.889 3.4387 27084 0.144 4946 59.1
26.464 3.3652 27905 0.119 5609 714
30.821 2.8987 13105 0.2094 3136 41.1
33.337 2.6855 11782 0.174 2448 49.7
34.728 2.5810 8508 0.168 1832 51.9
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16.8 g at 36 °C (F3), 31 g at 37-39 °C (F4), and 51.6 g at 42-50 °C (F5) with 185 g
of residual oil remaining. The menthol crystals obtained from different fractions generally
exhibited particles in the sub-micron to micron size range (200 nm-10 pm). The obser-
vation of a regular or semi-regular arrangement in many fractions (F1, F3, F4, F5, and
residual oil) and in standard menthol crystals suggested a common trend in the crystal
formation processes. The prevalence of rectangular-shaped particles and the presence of
spaces between particles in many of the menthol samples were also another similarities.
However, there were also distinct morphological differences between the fractions. The
standard menthol crystals showed a unique accordion-like, folded sheet structure, which
was not observed in the other fractions. The F1 fraction was distinguished by its smooth-
surfaced and more distinctly rectangular nanoparticles, while the F2 fraction stood out with
its rough-surfaced and semi-rectangular/cubic-like particles. In the F3 fraction, clustered
needle-like structures were observed in addition to the regular arrangement. This diversity
in the surface roughness and particle shapes indicated that different fractionation condi-
tions significantly influenced the crystal growth processes and the resulting morphologies.
Consequently, while there was a general trend in the crystal structures, each fraction exhib-
ited its own unique microstructural features.

Figures 6 and 7 show SEM images of the menthol (a), Ment-Gly (b), Ment-Leu (c), and
Ment-His (d) compounds at magnifications of X 10,000 and x 20,000, respectively. The SEM

Fig.6 SEM images (x 10,000) of the menthol (a), Ment-Gly (b), Ment-Leu (¢), and Ment-His (d)
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Fig.7 SEM images (x20,000) of the menthol (a), Ment-Gly (b), Ment-Leu (¢), and Ment-His (d)

images of the menthol (Figs. 6a and 7a) show clusters of irregularly shaped small particles
ranging in size from sub-micrometers to several micrometers on its surface. This morphol-
ogy is similar to that observed in another study [22]. The surface of Ment-Gly has irregular,
angular particles with sharp edges and varying sizes (Fig. 6b) and non-uniform structures of
the stacked layers in sub-micron size (Fig. 7b). The presence of rod-like and succulent leaf-like
structures with lengths at microscale and thicknesses at nanoscale is seen on the surface of
Ment-Leu in Figs. 6¢ and 7c. The large and small non-uniform structures from sub-microm-
eters to micrometers and the clusters of the small ones are observed in the SEM images of
Ment-His compound (Figs. 6d and 7d). The SEM analyses revealed that the menthol com-
pounds synthesized in this study are morphologically different from the menthol, and the size
of the structures observed in the compounds is greater than that of the particles in the menthol.

MIC and MBC/MFC Values

The MIC and MBC/MFC values of the menthol and the menthol-amino acid derivatives
for seven bacterial species and the fungus are shown in Figs. 8, 9, and 10. The findings in
these figures show that all compounds exhibit antimicrobial activity against all microbial
strains. It is observed that the lowest values belong to Ment-Leu and Ment-His compounds
for B. cereus, when comparing the MIC values of the compounds for the Gram (+) bacte-
ria in Fig. 8. In terms of MBC values, Ment-Gly and Ment-His have the lowest values for
the same bacterium while the menthol has the lowest value for S. agalactiae. Lower MIC
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Fig.8 MIC and MBC values of the compounds for the Gram (+) bacteria

and MBC values indicate higher potency of the agent. Thus, Ment-His has the most potent
against B. cereus among the Gram (4) bacteria.

As seen in Fig. 9, the lowest MIC values belong to Ment-His for P. vulgaris and K.
pneumoniae among the Gram (—) bacteria. Regarding the MBC values, the menthol and
Ment-Gly have the lowest values for S. marcescens and P. vulgaris, respectively. Compar-
ing the data in Figs. 8 and 9, all compounds are seen to be more effective against the Gram
(+) bacteria than the Gram (—) ones. It was stated that Gram (+) bacteria were more sensi-
tive to essential oils than Gram (—) bacteria [34]. The reason for this could be that Gram
(—) bacteria having a hydrophilic outer membrane prevent the penetration of hydrophobic
essential oils into the target cell membrane [35].

The MIC values of the menthol range from 64 to 128 pug/mL all bacterial species. Men-
thol disrupts membrane-associated properties, affecting the proton motive force essential
for ATP synthesis and nutrient transport, thereby inhibiting microbial growth and survival
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[36, 37]. Ment-Gly shows antimicrobial efficacy between MIC values of 64 and 256 pg/
mL against all microbial strains, as seen in Figs. 8 and 9. It is observed that this compound
is more effective (MIC 64 pg/mL) on S. aureus, B. cereus, and S. agalactiae than other
microorganisms. Glycine inhibits the synthesis of peptidoglycan, an important component
of the bacterial cell wall [38, 39]. In addition, it can cause lysis in certain bacteria, lead-
ing to morphological changes that increase their antimicrobial effects [40]. It is thought
that the effect of Ment-Gly on the peptidoglycan layer increases the antimicrobial property.
Ment-Leu and Ment-His exhibit an MIC range of 128-32 ug/mL for the microorganisms
(Figs. 8 and 9). These compounds exhibit the strongest antimicrobial activity, with MIC
value of 32 pug/mL against B. cereus. Torres et al. [41] stated that Leucine-added antimi-
crobial peptides and their modified compounds penetrated cell membranes, and exhibited
broad-spectrum activity against both Gram (+) and Gram (—) bacteria, leading to cell lysis.
It is seen that Ment-His is more effective against almost all Gram (—) and Gram (+) bacte-
ria than other compounds (Figs. 8 and 9). When incorporated into lytic peptides, histidine
enhances selectivity and efficacy against antibiotic-resistant bacteria by facilitating deeper
membrane insertion. Additionally, these components form a potent antimicrobial complex
that is effective against various bacterial strains [42]. Menthol-histidine compounds were
also found to have antimicrobial activity through multiple mechanisms, primarily by target-
ing bacterial membranes and inhibiting virulence factors [36].

As seen in Fig. 10, the menthol and its compounds have the same MIC value of 128 pg/
mL against C. albicans. With the exception of Ment-His compound (512 pg/mL), MFC
values are the same for the other compounds (256 pg/mL). C. albicans is among the most
extensively studied fungal species in relation to menthol. Menthol shows strong antifun-
gal activity by affecting membrane integrity and inducing apoptosis. This effect is associ-
ated with inhibition of planktonic growth, biofilm formation, and hyphal development in
this fungus. The fact that menthol disrupts membrane integrity and affects cellular signal-
ing pathways [37] explains the effect of the menthol and its compounds on C. albicans
at relatively low concentrations. Studies reported that menthol exhibits MIC values of
0.78-500 ug/mL and MFC values of 1.5-1000 pg/mL against C. albicans [7]. The values
obtained in this study are within the ranges reported in the study.

In the study utilizing menthol-loaded nanostructured lipid carriers, MIC values were
determined as 125 pg/mL and 250 ug/mL against Gram (+) bacteria S. aureus and B.
cereus, respectively. These values were reported as 500 pg/mL against E. coli (Gram
(—)) and 78 pg/mL against C. albicans [43]. Menthol and its compounds in this study
exhibit better MIC values against these bacteria than those in the study.

Conclusion

This study includes the preparation of menthol-amino acid ester derivatives (Ment-Gly,
Ment-Leu, and Ment-His) and their characterization via HPLC, FTIR, *C-NMR, XRD,
SEM, and the broth dilution analyses. The comparison of R; values and the retention
times in the HPLC findings confirmed the formation of new menthol-based compounds.
The FTIR and '*C-NMR results validated the successful synthesis of the menthyl ester
derivatives through the reactions between the menthol and the amino acids. The distinct
peaks indicating nanoscale crystallite structures in all compounds were identified by the
XRD analyses. Each ester derivative was found to have a unique crystal structure differ-
ing from that of the menthol, and their average crystallite sizes of the compounds were
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greater than that of the menthol. SEM analyses revealed that the surfaces of all compounds
exhibited different morphologies, including the structures with widths or thicknesses in the
sub-micron range.

The antimicrobial activity studies demonstrated the effects of the menthol and its amino
acid ester derivatives on various microorganisms. All compounds showed higher efficacy, par-
ticularly against Gram (4) bacteria. Among them, Ment-His was the most effective against
nearly all tested Gram (—) and Gram (+) bacteria. Given the increasing prevalence of anti-
biotic-resistant strains among both Gram (+) and Gram (—) bacteria, along with the limited
efficacy of current antifungal agents against C. albicans, there is a growing need to explore
alternative antimicrobial strategies. The emergence of multidrug-resistant pathogens has
underscored the urgent need for novel, broad-spectrum antimicrobial compounds. The men-
thol-amino acid derivatives, particularly Ment-His, can be considered promising candidates for
innovative applications in antimicrobial therapies and related scientific disciplines after their
resistance development, efficacy, and safety potentials are confirmed through in vivo studies.
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