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ABSTRACT

Microbial infection is a hazardous and challenging clinical problem that has attracted considerable attention
recently, primarily owing to the noticeable rise in antimicrobial resistance. To address the medical requirements
to encounter this dilemma, we present hydrophobic deep eutectic solvents (HDESs) that combine experimental
research and computational prediction; conductor-like screening model for real solvents (COSMO-RS). Menthol-
based HDESs were successfully obtained when mixed with fatty acids, and their thermal profiles were analyzed.
The HDES systems and their synergistic effects demonstrated potent antimicrobial activity against Gram-positive
and Gram-negative bacteria, with DES 4 (menthol:decanoic acid) exhibiting the highest bactericidal activity at a
molar ratio of 1:5. The interaction between the HDESs and bacterial cell wall structural compounds was
confirmed by field-emission scanning electron microscopy and Fourier transform infrared spectroscopy. The
results revealed a favorable concurrence between the projected and empirical outcomes, indicating that DES 4
exhibited bacteriostatic properties and could be a viable substitute for managing bacterial infections of diverse
origins. In addition, the synergistic effect of DES 4 and tetracycline showed promising potential. The successful
integration of experimental and computational approaches in this study also sets a precedent for the rational
design of future antimicrobial agents and opens new avenues for tackling other clinical challenges.

1. Introduction

bacterial resistance, bacterial diseases remain a significant risk to the
health of people, the environment, and animals.

Despite advancements in antimicrobial chemotherapy and support-
ive care, bacterial infections still pose significant risks for mortality and
morbidity. Several factors, including poor prescription practices, lack of
patient knowledge, and insufficient diagnostic resources, can cause
antimicrobial resistance [1]. Immensely, due to the emergence of
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Consequently, the pharmaceutical and food industries have shown
great interest in natural compounds with antibacterial properties, owing
to the recent discovery of different negative effects of conventional
synthetic antimicrobials. Natural essential oils typically contain various
natural antimicrobials, such as menthol, which are widely used. These
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substances are categorized as generally recognized as safe by the U.S.
Food and Drug Administration, thus recognizing their broad applica-
tions in the food and pharmaceutical industries [2], although their use is
subject to certain restrictions. However, the complexity of the compo-
nents of natural antimicrobials, such as essential oils, should be
considered. Notably, many natural antibacterial compounds have low
solubility in water and high melting points, necessitating their proper
dilution and dissolution by solvents or carriers.

Recently, deep eutectic solvents (DESs) have emerged as stable and
environmentally friendly solubilization agents [3], and a promising so-
lution to the aforementioned problems is using hydrophobic DESs
(HDESs). HDESs typically comprise two or more hydrophobic solids that
form a homogeneous liquid phase when mixed. The structural integrity
of HDESs is maintained even in the presence of water due to their hy-
drophobicity, thus exhibiting minimal water uptake capacity and
negligible leaching of their constituents into the aqueous phase [45].
This can be important for environmental and toxicological reasons
because the leaching of solvent compounds into the aqueous phase can
harm the environment and human health. Chen et al. [6] prepared
HDESs composed of long-chain fatty acids (FAs) that were non-toxic,
possessed better hydrogen bonding and were recyclable. These will
also aid in following the principles of sustainable development goals,
green innovation products, and ISO1400 [7,8]. Kongpol et al. [9]
demonstrated that an HDES containing menthol and FAs could enhance
the anti-inflammatory effects of curcumin. Silva et al. [10] investigated
the biomedical potential of HDESs based on menthol and saturated FAs
with varying chain lengths. They discovered that the combination of
menthol and stearic acid demonstrated no significant cytotoxicity and
enhanced wound healing properties, along with antibacterial effects
against Staphylococcus epidermis and Staphylococcus aureus (S. aureus).
Chen etal. [11] reported that, in FA-based HDESs, the loss of the HDES is
the minimal cause of hydrophobicity. Hence, FAs and their derivatives
were used in this study, and menthol was used as the base compound for
the HDESs. DESs have been used in numerous biomedical studies to
optimize the functionality of biological materials and improve the po-
tency of active pharmaceutical ingredients. Several recent studies have
focused on DESs with antibacterial activity, demonstrating their po-
tential for therapeutic and preventive purposes as an antiseptic agent.
Wang et al. [12] prepared benzalkonium chloride (BC) in a DES with
acrylic acid (AA) or methacrylic acid (MA) for polymerization. The
prepared BC-AA DES exhibited high antibacterial efficacy against
Candida albicans and S. aureus. It was also reported recently that the
acidic environment created by natural DESs (NADESs) damages the
bacterium process; those containing acidic elements often have better
antibacterial activities than neutral NADESs such as sugar-based NADES
[13].

Hydrophilic DESs have several limitations that hinder their practical
applicability, which include their preferential affinity toward polar
compounds, irreversible precipitation of drugs, and elevated viscosity of
most hydrophilic DES at ambient temperatures [14]. The wide range of
FAs currently available for the formation of menthol-based HDESs [15]
can lead to time-consuming laboratory experiments for identifying the
most suitable solvents with optimal antimicrobial, interaction, and
thermodynamic properties. An effective approach for simplifying this
laborious process is to use a conductor-like screening model for real
solvents (COSMO-RS), which is a non-empirical method used to calcu-
late liquid-liquid equilibria [16]. COSMO-RS is a mathematical ther-
modynamic model that uses quantum chemistry to predict the
thermodynamic properties of various mixtures [17]. COSMOtherm
software with specific parameters was employed to perform the COSMO-
RS simulations, making it an efficient tool for exploring and predicting
the properties of different solutes and solvents. For instance, Rezaei
Motlagh et al. [18] demonstrated the screening of ionic liquids (ILs) for
the extraction of eicosapentaenoic acid. Li et al. [19] also utilized
COSMO-RS to screen 195 ILs, comprising 15 anions and 13 cations, to
produce antibacterial cellulose fibers. COSMO-RS has also been used for
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the extraction of antioxidants from rosemary [20] and formaldehyde
separation [21]. Fallanza et al. [22] screened 696 room-temperature ILs
for the separation of propane and propylene using COSMO-RS. Although
numerous studies have investigated the antibacterial effects of various
bacterial strains, a research gap concerning the prediction of the effec-
tiveness of different types of FAs against these strains still exists.

To address the challenge of experimentally selecting HDES compo-
sitions, selected compounds to formulate HDESs were screened in this
study using COSMO-RS. Then, the biological effects of selected and
prepared HDESs on bacteria were investigated by evaluating the com-
bined effects of FAs and menthol. The predicted results were experi-
mentally verified. Hence, the objectives of this study were to: (1) screen
menthol-based HDESs containing six different types of FAs (propionic,
butanoic, hexanoic, octanoic, decanoic, and levulinic acids) in terms of
their antibacterial properties; (2) test the selected HDESs through
COSMO-RS against seven Gram-positive and seven Gram-negative bac-
terial strains via disc diffusion test (DDT), minimum inhibitory con-
centration (MIC), and minimum bactericidal concentration (MBC); and
(3) further validate the results through synergistic action with general
antibiotics using field emission scanning electron microscopy (FESEM)
and Fourier transform infrared (FTIR) spectroscopy. The selected
HDESs, which were formulated with natural antimicrobials, are ex-
pected to serve as innovative delivery systems for the utilization of
natural antimicrobials in the food and pharmaceutical sectors.

2. Experimental section
2.1. Materials

Tetracycline and dimethyl sulfoxide (DMSO) with purity levels
greater than or equal to 97 % were procured from R&M, a Swiss-based
supplier. Analytical-grade menthol (Merck, Germany), propionic acid
(>99 %), butanoic acid (>98 %), hexanoic acid (>96 %), octanoic acid
(>98 %), decanoic acid (>99 %), and levulinic acid (>99 %) (Sigma-
Aldrich, USA) for HDES preparation. The synthesis and analytical pro-
cedures were performed using deionized water.

2.2. Preparation of menthol-based HDESs

A combination of menthol and various FAs were added in specific
amounts to prepare HDESs with different molar ratios (1:1,1:2,1:3,1:4,
and 1:5) as presented in Table 1. The molar ratio was determined using
the method reported by Tang et al. [23]. To prepare each HDES, the
constituents were introduced into a sealed glass vessel and heated at
70 °C for a duration of 4 h, with no agitation. A uniform and lucid so-
lution was expected to yield a promising HDES mixture. The mixture
was then cooled to ambient temperature (25 =+ 2 °C) prior to storage in a
desiccator.

2.3. COSMO-RS computational methodology

The COSMO-RS prediction process involves two distinct steps. The
initial stage entails generating virtual environmental conditions for the
molecule using a continuous solvation model. Using quantum and
chemical computations, a screening charge density, commonly known

Table 1

List of screened HDESs and their abbreviations.
HBA* HBD* Abbreviation
Menthol Propanoic acid DES 1
Menthol Hexanoic acid DES 2
Menthol Octanoic acid DES 3
Menthol Decanoic acid DES 4
Menthol Butanoic acid DES 5
Menthol Levulinic acid DES 6
" [24].
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as sigma (o), is assigned to each molecule. The distribution of screening
charges on the surface of individual molecular species is converted into a
o-profile and o-potential. These parameters can be utilized to discrimi-
nate between the molecular polarities and capacities of hydrogen bond
donors and acceptors (HBDs and HBAs, respectively) and deduce the
behavior of a given molecule upon its interaction with other compo-
nents. The next step involves the use of statistical thermodynamics to
calculate the energy of molecules due to interactions such as Coulomb
repulsion, hydrogen bonds, and van der Waals forces. Based on COSMO-
RS results, Hayyan et al. [25] reported that the aggregation of NADES
species on the cellular membrane is crucial for their subsequent pene-
tration into membrane layers. These specific species reportedly partici-
pate in electrostatic interactions with oppositely charged groups that are
present on the membrane, leading to the eventual puncturing of the
bilayer. Therefore, collecting sufficient data regarding this phenomenon
is essential to validate our prior hypothesis and determine whether this
mechanism is analogous in both NADESs and DESs.

At the outset, each compound subjected to chemical structure anal-
ysis was drawn and refined using the Hartree-Fock level and 6-31G*
basis set. The TURBOMOLE program (TMole-X) was used to generate
a COSMO file for each structure. The optimization process was per-
formed using a single-point calculation approach within the framework
of density functional theory at the triple-zeta valence potential (TZVPD)
basis set level. COSMOlogic suggests the use of BP-TZVPD-FINE for
improved accuracy in forecasting thermophysical characteristics
because it employs a more comprehensive TZVPD basis set. Subse-
quently, the cosmo files were imported into the COSMOthermX software
package.

Table 2 presents the abbreviations of phosphatidylethanolamine, N-
acetyl-alpha-neuraminic acid, and N-acetylglucosamine used in this
study as cell membrane components.

2.4. Representation of HDESs in COSMOtherm-X

DESs have been identified as environmentally friendly alternatives to
conventional solvents. Moreover, these are similar, with a slight differ-
ence in the components used. HDESs screening using COSMOthermX
was performed. Three approaches are available, namely, electroneutral,
metafile, and segmented or fragmented approaches, which are used to
represent ILs in the COSMO software [26]; the electroneutral method is
commonly used to screen ILs [27]. Because of the resemblance in their
compositional structures, the electroneutral method was selected for the
depiction of the DESs in COSMO-RS, namely HBA and HBD, as deter-
mined by their mole composition [28].

The evaluations were performed using the COSMOtherm software
(18.0.2 version), and the thermodynamic properties were determined by
BP_TZVP-C30_1201 parameterization. The oc-surfaces and o-profiles
were obtained using the COSMOtherm software. Fig. 1 shows a step-by-
step schematic representation of the COSMO-RS screening. These pro-
files were used to determine molecular interactions. The o-profiles of
HDESs and FAs were evaluated using Eq. (1) [29]:

P(o) = szpi(f’) D

where i is the concentration of DES/FAs.
For effective application of this methodology, changing the mole
fractions obtained via COSMO-RS is essential to precisely reflect the

Table 2
List of cell membrane components used in computational screening
(COSMO-RS) and their abbreviations.

Component Abbreviation
Phosphatidylethanolamine PE
N-Acetyl-alpha-neuraminic acid NAC
N-Acetylglucosamine AGA
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experimental definition of the mole fraction. The aforementioned task
can be accomplished using mathematical expressions as follows: Eq. (2)
provides an experimental representation of the mole fraction of the so-
lute present in a solution comprising the solute, carrier, and DES.

n;

n; + n; + npgs

(2)

Xigxp =

In COSMOthermX, the definition of mole fraction is given by Eq. (3).
n;

n; + nj + ngpa + Nugp

Xicosmo-rs = )

where Xx;,,, is the experimentally determined mole fraction of solute
1, Xicosmo_rs 1S the mole fraction of solute i in COSMO-RS, n; is the number
of moles of solute i, n; is the number of moles of carrier j, npgs is the
number of moles of DES, nyg, is the number of moles of HBA in DES, and
ngpp is the quantity of moles of HBD in DES.

Eq. (1) and (2) can be simplified further to Eq. (3) to convert the
calculated mole fraction of COSMOthermX into the experimental defi-
nition, as shown in Eq. (4).

Xicoswo—rs /V,' €))

X =
i kakcos,wo—ks /Vk

where the stoichiometric coefficient of each component is denoted
by vi.

2.5. Preparation of bacterial cultures

Bacterial isolates (Table S1) derived from Gram-positive bacteria
B. subtilis ATCC11774 (MYP agar) and S. aureus ATCC 12600 (mannitol
agar) and Gram-negative bacteria E. coli ATCC 1129 (EMB agar) were
retrieved from a 4 °C freezer through the utilization of blood agar media.
Initially, the three bacterial species were pre-cultured. The experiment
involved inoculating 10 mL of autoclaved tryptone soy broth (TSB) with
a loopful of cells followed by incubation at 37 °C for 24 h.

2.6. Assessment of antibacterial activity

2.6.1. Determination of disc diffusion test (DDT)

Sterile cotton buds were used, and the cells were evenly distributed
on the plates containing a medium solidified with agar. A sterile filter
paper (Whatman No. 1) with a diameter of 6 mm was immersed in
different HDES solutions and allowed to equilibrate. The filter paper was
incubated with the seeded discs. Subsequently, the discs were incubated
at 37 °C for 24 h. The diameters of the inhibition zones were then
measured. The analysis was performed in triplicate for each bacterial
strain [30]. The experimental protocol involved the use of 5 mg mL ™" as
the positive control and DMSO as the negative control, as reported
previously [10]. DMSO was used as the negative control to dilute
tetracycline.

2.6.2. Determination of MIC and MBC

A broth microdilution assay was used to investigate the antibacterial
properties of the DESs. This involved the implementation of a sequential
microplate dilution method using sterile 96-well plates, as described by
Abakar et al. [31]. Approximately 0.1 mL of sterilized TSB was added to
each row. Wells 2 to 11 were replenished with 0.1 mL of HDES and then
subjected to serial dilutions with prefilled TSB, resulting in concentra-
tions ranging from 500 mg mL~! to 0.5 mg mL~!. The initial well
functions as a mechanism for growth regulation. Subsequently, a volume
of 0.01 mL of the culture medium containing the HDES was introduced
to each well. The deep wells were incubated at 37 °C for 24 h. Turbidity
was evaluated during the incubation period, specifically at T = 0 and T
= 24 h, by measuring the optical density at 600 nm (ODA = 600) using a
microplate reader (Thermo Fisher Scientific Multiskan™ GO spectro-
photometer, Finland). The experiments were conducted in triplicate for
each assay. The MIC was determined by identifying the lowest
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Fig. 1. Step-by-step representation of conductor-like screening model for real solvents (COSMO-RS) screening.

concentration of the synthesized compounds that resulted in discernible
inhibition of bacterial growth. A quantity from each well that was equal
to or greater than the MIC was streaked on Mueller-Hinton agar, as it
supports a satisfactory majority of bacterial pathogen growth and acts as
a tetracycline inhibitor. Each well was incubated at 37 °C for one day to
calculate the MBC. Each determination was performed in triplicate. The
MBC was chosen on plates with concentrations that did not grow.

2.6.3. Synergistic effect of HDESs for antibacterial activity

A synergistic assessment was performed to examine the antimicro-
bial activity of the DESs in enhancing antibiotics: tetracycline (tetracy-
cline hydrochloride, Fischer Scientific, USA), ampicillin (sodium salt,
Gold Biotechnology, USA), and penicillin G (sodium Salt, Gold
Biotechnology, USA). For this experiment, the MIC results (Section
3.3.2) were used as the parameters for evaluation.

The test was conducted by filling 200 pL of antibiotic (12.5 mg mL™})
in the first well on the first row. Next, the second well onwards of the
first row was filled with 100 pL of DMSO. Each well was then serially
diluted, and a volume of 100 pL from the last well was discarded. Then,
the second row of the wells was filled with 20 pL of 106 CFU mL™!
bacterial suspension to prepare an antibiotic concentration ranging from
10 t0 0.01 ug mL ! (two references). A microtiter plate was incubated at
37 °C for 24 h, and the optical density was then measured at 600 nm
(Thermo Scientific™ Multiskan™ GO microplate spectrophotometer).
The synergistic test was performed in four sets of MIC tests. These tests
were conducted by adapting two parameters: (1) the concentration of
the lowest MIC value of DES 3 and DES 4 from the MIC results (Section
3.3.2) against selected bacterial strain and (2) the concentration of the
lowest four MIC values of antibiotic concentration based on the afore-
mentioned antibiotic screening test. This synergistic MIC test was con-
ducted using the same method as that described previously (Section
2.6.2).

2.7. Fourier transformed infrared (FTIR) spectroscopy analysis

The spectra of the HDES and samples (bacteria, bacteria treated with
DES, and bacteria treated with HDES and antibiotics) were obtained
using a PerkinElmer Spectrum 400 FTIR spectrometer (Perkin Elmer,

USA). Approximately, 0.1 g of samples of functional groups were eval-
uated for alterations. To collect the single-beam spectra of the samples,
32 scans were conducted with a resolution of 4 cm™! and at a scanning
range of 500-4000 cm >,

2.8. Examination of the antimicrobial activity by field emission scanning
electron microscopy (FESEM)

The antimicrobial activity toward DES 4 AND DES 4/antibiotics was
examined using FESEM. Three samples of S. aureus were prepared
(S. aureus, S. aureus treated with DES 4, and S. aureus treated with DES 4
and tetracycline) and incubated at 37 °C for 24 h before testing.
Approximately, 10 pL of the specimens were applied onto a glass
coverslip and desiccated under ambient conditions. The specimens were
air-dried and subsequently coated with a blend of gold and palladium
alloys via sputtering. The samples were then examined by FESEM at an
accelerating voltage of 5 kV.

2.9. Statistical analysis

The samples were prepared in triplicate and Microsoft Excel
(Microsoft Office Excel, 365) was used for statistical analysis. For at least
10 measurements, bar charts present the data in terms of mean and
standard error. A statistically significant difference was established at p
< 0.05.

3. Results and discussion
3.1. o-Surfaces and o-Profiles for cell membrane components and HDESs

PE is a predominant lipid found in organelles and cell membranes
and plays a crucial role in maintaining membrane integrity [32]. Being a
neutral aminophospholipid, it exhibits a diverse range of interactions,
including its distinct capability to function as a molecular chaperone
[33]. However, sialic acid-cleaving enzymes, known as NAC, are
expressed in a diverse array of organisms, including pathogens. Sialic
acids are monosaccharides with a wide range of structural variations
found in nature [34]. Additionally, AGA is abundant in the cell walls of
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fungi and certain algae, as well as in the cuticles or exoskeletons of
numerous invertebrates [35]. Owing to their significant involvement in
diverse biological processes, PE, NAC, and AGA were chosen as the cell
membrane constituents of interest for this study. Initially, the o-surfaces
and o-profiles of the cell membranes (PE, NAC, and AGA) were gener-
ated using COSMO-RS.

In this section, the validation of the COSMO-RS-predicted results is
evaluated through comparison with experimental data for different
menthol-based HDESs. The COSMO-RS model was used to examine the
chemical interactions and assess the ability of HDESs to dissolve cell
membranes, thereby acting as antibacterial agents.

Subsequently, the c-profiles and c-surfaces were calculated for the
HDES compounds to gain insights into their chemical characteristics,
which are a valuable tool for predicting the thermodynamic properties
of chemical entities. The results revealed that the o-surfaces of PE, NAC,
and AGA possessed positively and negatively charged groups. The blue
color indicates the presence of an NH group that donates electrons and is
positively charged [36]. Red indicates the presence of O™, which accepts
protons and hence acts as an HBA [37], green signifies the neutral
behavior caused by the presence of carbon, and blue signifies a neutral
region. Fig. 2 shows the o-surface for (a) PE, (b) NAC, and (c) AGA. The
results revealed that all FA derivatives (FADs) possessed positive,
negative, and neutral sites and hence behaved as HBD and HBA.

Subsequently, the o-potentials and c-profiles of PE, NAC, and AGA
were evaluated, and the results revealed that all cell membranes
behaved as HBA. A series of peaks were observed in both the HBA and
HBD regions. The peaks in the positive region can be attributed to the
presence of O™ groups, which can accept protons and provide stabiliza-
tion [17]. The positive peaks in the positive region indicate the presence
of an NH group, which is a substantial donor that becomes positively
charged. Positive values indicated a higher occurrence of repulsive in-
teractions, whereas negative values indicated a significantly greater
level of interaction between molecules [38]. The intensities of the peaks
of PE, NAC, and AGA differed depending on the molecular structure. The
order of the peaks shows the following trend:

HBDregion : NAC > AGA > PE
HBA region : AGA > NAC > PE

Non — polarregion : PE > NAC = AGA

The results (Fig. 3) reveal that HBDs and HBA possess both polar and
non-polar sites. However, hexanoic aid, decanoic acid, hexanoic acid,
and butanoic acid cause of the COOH group are more hydrogen bond
acceptors. Propionic acid, octanoic acid, decanoic acid, hexanoic acid,
levulinic acid, and butanoic acid will behave as HBA and hence will form
a bond with HBD via synergism. Small peaks can also be observed in the
HBD region, signifying a smaller hydrogen bond-donating nature. The
individual sigma profiles reveal that HBD and HBA will form bonds with
each other, resulting in the formation of DES.

The o-potentials (Fig. 4) were then evaluated, signifying interactions

a) b)
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Fig 0.3. c-profiles for HBD and HBA understudy.

between the HBD and HBA. In the HBD regions (Fig. 4a), peaks were
observed at —0.0175, —0.015, and —0.013 e/nm? for NAC, AGA, and PE,
respectively. Similarly, a series of peaks in the HBA region was observed
at 0.015 e/nm? for all FADs (NAC, AGA, and PE). The peak intensity of
PE was lower than that of NAC and AGA, indicating that NAC and AGA
exhibited higher electronegativity because of their highly electronega-
tive nature [39]. Consequently, NAC, AGA, and PE exhibited the HBA
behavior as seen in Fig. 4b. Considering the higher peak intensity in the
HBA region observed in the o-profile, these cell membranes were ex-
pected to serve as more effective HBAs [40]. Although the choice of HBA
in the cell membrane has a significant impact, the selection of a hy-
drophobic HBD can also have a synergistic effect [20]. Because the cell
membrane comprises functional groups or molecules that can serve as
HBDs, they can be attracted to HBAs. Hence, HBAs in the cell membrane
interact with and possibly stabilize HBA by forming hydrogen bonds
with HBDs from other molecules or structures.

3.2. Molecular interaction with the selected DES

To determine the molecular interactions of NAC, AGA, and PE with
the HDESs, o-profiles of the selected HDES and FADs were plotted
(Fig. 4). This provides insight into the of interaction of DESs with FADs
[41]. In addition to the molecular structure, the molar ratio also plays an
essential role. Initially, different molar ratios, namely 1:1, 1:2,1:3,1:4,
and 1:5 were used as the ratio of HBD:HBA for all examined DESs.
Typically, DESs consist of three components: salt cations, anions (HBA),
and HBD, and determining a symmetrical curve at 0 e/nm? to the right
peak of the membrane is favorable for the interaction to occur in the
nonpolar region.

Fig. 2. o-Surfaces of (a) phosphatidylethanolamine (PE), (b) N-acetyl-alpha-neuraminic acid (NAC), and (c) N-acetylglucosamine (AGA).
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Fig. 4. (a) o-profile (b) c-potential; interaction between hydrogen bond donors (HBDs) and hydrogen bond acceptors (HBAs) for all three fatty acids (PE, NAC, and

AGA) using COSMO-RS.

Fig. 5a shows the characteristics (o-profiles) of DESs (DES 1 — DES 5)
and FADs (fatty acid derivatives). DESs have both polar and nonpolar
features. The HBD is vital for the positive charge density in nonpolar
regions of membranes. Peaks in the range of 0 < 6 < 0.01 e/nm? (right
side of the profile) interact with the left peaks of membranes (-0.006 eA2
for PE, NAC, and AGA). All DESs exhibit peaks within these ranges.
Noteworthy, DES 4 has the highest peaks among all DESs, both at pos-
itive and negative o values. At —0.001 e/nm? DES 4 has the highest
peak due to the longer carbon chain in its decanoic acid compared to
other HBDs. These findings suggest that saturated long-chain fatty acids
demonstrate more compatibility in the interaction between DESs and
membranes when compared to their short-chain counterparts [42].
Additionally, DES 3 also stands out with higher peaks that align with all
three membranes. This suggests strong interactions between DESs and
membranes, enabling effective penetration. DES 2 exhibits a clear
preference for interaction, particularly with NAC and AGA, highlighting
a distinct affinity. Similarly, DES 5 displays an inclination for interaction
with NAC and AGA, especially at elevated molar ratios. In contrast, DES
1 demonstrates a notable absence of interaction with PE, NAC, and AGA,
even when molar ratios are increased, reinforcing the specificity and
selective nature of the interaction pattern observed [42].

The computational analysis indicated that DES 3 and DES 4 at a
molar ratio of 1:5 demonstrated greater interactions with membrane
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components. Further insights were gained from the analysis of the
o-potential, which revealed that as the molar ratio increased, the num-
ber of molecular interactions also increased, as indicated by higher
o-potential values in the HBA region. This was particularly evident in the
case of DES 4, where the optimal interaction was observed at a molar
ratio of 1:5, indicating that the molar ratio 1:5 was the most effective for
DES 4 in terms of potential interactions with bacterial membrane com-
ponents. Other tested molar ratios, including 1:2, 1:3, 1:4, and 2:1 did
not exhibit as strong interactions as the 1:5 ratio, suggesting a lower
potency for antibacterial activity (Fig S1 and S2).

The selection of the HDES was significantly influenced by the molar
ratio. To explore the impact of varying the molar ratio, the o-potential of
DES 4 is plotted in Fig. 5b. Initially, the peak intensity was low at a molar
ratio of 1:1. However, as the molar concentration increases, the peak
intensity increases. The maximum peak intensity was observed at the
molar ratio of 1:5. Nevertheless, a further increase in the molar ratio
decreased the peak intensity. The minimum peak intensity was observed
at the molar ratio of 1:1. This indicates that at a molar ratio of 1:1, there
is less interaction between DES 4 and the cell membranes. This can be
attributed to excess HDES compared to the cell membranes, leading to
the formation of a smaller complex. As the molar ratio increased, the
number of molecular interactions also increased, as indicated by the
higher c-potential values in the HBA region. However, with a further
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Fig. 5. o- profiles of (a) HDESs and (b) DES 4 at different molar ratios using COSMO-RS.
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increase in the molar ratio, the c-potential values began decreasing,
suggesting reduced exchange between molecules [43]. Based on these
findings, a molar ratio of 1:5 for DES 4 was chosen.

To further investigate the molecular interactions, the ¢-potential was
examined, as illustrated in Fig. 6. In the o-potential plot, a higher pos-
itive value indicates a more repulsive behavior, whereas a higher
negative value signifies an increasing interaction between the mole-
cules. The horizontal axis provides insights into the intricate network of
interactions between the HBDs and HBAs. The interaction between the
HBDs was reflected in the decrease of the hydrogen-bonding threshold
(0.0084 e/nm?). Notably, the positive values of the curves in the non-
polar region indicated the high potential of the DESs. The DESs and
membranes exhibited similar patterns, suggesting that interactions
occurred within the mixture. These results indicated that DES 4
demonstrated stronger interactions with PE, NAC, and AGA than other
HDESs. The results from these experiments, which demonstrated a sig-
nificant zone of inhibition around the antibacterial agent-impregnated
discs, further validated our choice of DES 3 and DES 4 at the specific
molar ratio. Therefore, the decision to focus on DES 3 and DES 4 with a
molar ratio 1:5 was based on a combination of COSMO-RS predictions
and o-potential analysis, which were subsequently validated through
experimental assays in the following sections.

3.3. Validation of COSMO-RS simulation results

3.3.1. Disc diffusion test (DDT) and controls against bacterial strains
Based on the COSMO-RS prediction in selecting an ideal DES as a
greener antibacterial agent, DES 3 and DES 4, with a molar ratio of 1:5
M, were further validated for their antibacterial activity owing to their
greater interactions with PE, NAC, and AGA. Antibacterial activity was
assessed using the Kirby-Bauer DDT, and the diameter of the zone of
inhibition was measured. The DESs were utilized to produce outcomes
against 14 bacterial strains (7 Gram-positive and 7 Gram-negative bac-
teria). This method creates a concentration gradient around the

Interaction with Interaction with

HBD
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antibacterial agent-impregnated disc to identify resistant bacteria. A
gradient of the antibacterial agent inhibited the germination and growth
of the tested bacteria, forming a zone of inhibition around the disc, as
shown in Fig. 7. The inhibition zone measurements of Gram-positive
bacteria are presented in Table 3.

The results in Table 3 show that both HDESs possess antibacterial
activity, as inhibition zones are observed for all the tested bacteria. As a
constituent, menthol demonstrated varying levels of antibacterial ac-
tivity across different bacterial strains. While its overall efficacy was
lower compared to that of DES 3 and DES 4, menthol did exhibit notable
activity, particularly against S. pneumoniae. This suggests that while
menthol contributes to the antibacterial properties of HDESs, its effec-
tiveness is significantly enhanced when synergistically combined with
other components in the HDES formulation. The antibacterial impact of
octanoic acid was observed to be moderately effective. Its capability,
especially in inhibiting B. subtilis and L. monocytogenes, signifies its
valuable contribution to the effectiveness of HDES formulations. This
moderate antibacterial action of octanoic acid may be linked to its
relatively shorter alkyl chain when compared to decanoic acid, hinting
at a possible relationship between the length of the alkyl chain and the
degree of antibacterial strength. In contrast, decanoic acid demonstrated
a more pronounced antibacterial effect, especially against strains like
S. aureus and L. monocytogenes. This observation is in harmony with the
research by Watanabe et al. [44], which suggests a direct relationship
between the lengthening of fatty acid chains and increased antibacterial
activity. The enhanced effectiveness of decanoic acid, particularly
evident in its role within DES 4 against L. monocytogenes, accentuates its
crucial contribution to the heightened antibacterial capability of the
solvent.

Overall, DES 4, with decanoic acid as a hydrogen donor, showed
better inhibitory properties against all tested gram-positive bacteria,
with the largest inhibition zone of 19 mm against L. monocytogenes,
compared to DES 3. As stated earlier, these results are in agreement with
those reported by Watanabe et al. [44] that the antibacterial activity is

Interaction with

NP HBA

H{o) kcal/mol-nm?2

‘1 .4 T T
-0.03

I
-0.02 -0.01

I
0.00 0.01

o(e/nm?)

Fig. 6. o-Potential verification for HDESs (DES 1-6) and cell membranes (PE, NAC, and AGA) using COSMO-RS.
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Fig. 7. Representative inhibition zone assay of DES 4 against (a) Escherichia coli (E. Coli) and (b) Staphylococcos aureus (S. aureus).

Table 3

Disc diffusion test of DESs against Gram-positive bacteria.
DES/ Inhibition zone on Gram-positive bacteria *,%°,° (mm)
Compound C. diphtheria S. pneumoniae B. subtilis S. aureus L. monocytogenes B. cereus C. perfringens
DES 3 16.0 £ 0.0 145 £ 0.7 11.5+0.7 20 +0. 0 16.5 £ 0.7 125 £ 0.7 18.5 £ 0.7
DES 4 15.0 £ 0.0 16.0 £ 0.0 17.0 £ 0.0 18 £0.0 19.0 £ 0.0 15.5 £ 0.7 145+ 0.7
Menthol 10.0 £ 0.0 25.0 £ 0.0 10.0 £ 0.0 10 £ 0.0 12.0 £ 0.0 18.5 £ 0.7 20.0 £ 0.0
Octanoic acid 14.0 £ 0.0 12.0 £ 0.0 155+ 1.4 13.5+£0.7 16.5 £ 0.7 95+21 11.5+£0.7
Decanoic acid 10.5 £ 0.7 14.5 £ 0.7 12 £0.0 17.5£0.7 17.0 £0.0 14.5 £ 0.7 125 £ 0.7
Positive control 25.0 £ 0.0 13.5+£0.7 260+ 1.4 28.0+1.4 29.5+0.7 17.5£0.7 25.0 £ 0.0
Negative control NI NI NI NI NI NI NI

! Values are expressed as mean inhibition + SD (n = 2).

2 NI - No inhibition

3 Tetracycline hydrochloride was used as the positive control.
4 Dimethyl sulfoxide (DMSO) was used as the negative control.

5 Slight antimicrobial activity (inhibition zone of sample 1—3 mm), Moderate antimicrobial activity (inhibition zone of sample 3—4 mm), Clear antimicrobial
activity (inhibition zone of sample 4—10 mm), Strong antimicrobial activity (inhibition zone of sample > 10 mm).

positively correlated with the elongation of the alkyl chain. DES 3
showed antibacterial activity comparable to that of DES 4, with the
highest inhibitory activity against S. aureus. FAs and FADs demonstrated
selective bactericidal activity and preferentially inhibited S. aureus;
hence, a large inhibition zone was observed around the disc impreg-
nated with DES 3. According to Yoon et al. [30], membrane destabili-
zation and pore formation can be attributed to the amphipathic
properties of antimicrobial lipids. The destabilization of the membrane
results in enhanced cell permeability and lysis, thereby hindering the
proliferation of bacterial cells, which can have either a bacteriostatic or
bactericidal effect.

Similarly, DES 4 showed better inhibitory activity against all the
tested Gram-negative bacteria than DES 3, as shown in Table 4. Unlike
the inhibitory efficacy of both HDESs against Gram-positive bacteria,
Gram-negative bacteria exhibited superior resilience to antibacterial
activity owing to their intricate membrane construction. The lipopoly-
saccharides in the outer membrane of the cell wall act as barriers to
permeability, thereby impeding the penetration of the HDESs into the
cell membrane and their consequent impact. Conversely, Gram-positive
bacteria possess thick and porous peptidoglycan layers in their cell
walls, which facilitate the penetration of HDESs. This enables HDESs to
interact with peptidoglycans before disrupting the lipid membranes of

Table 4

Disc diffusion test of HDESs against Gram-negative bacteria.
DES/ Inhibition zone on Gram-positive bacteria ',%°,,° (mm)
Compound S. sonnei S. typhi S. enteritidis E. coli P. mirabilis V. parahaemolyticus V. vulnificus
DES 3 8.0 £ 0.0 10.0 £ 0.0 10.0 £ 0.0 9.0+t1.4 13.5+0.7 13.5+0.7 13.5+ 0.7
DES 4 12.5 £ 0.7 19.0 £ 8.9 11.0 £ 0.0 9.0 £0.0 19.0 £ 1.4 125 £ 0.7 16.0 £ 0.0
Menthol NI 85+0.7 8.0+ 0.0 NI 12.5+ 0.7 12.5+ 0.7 12.0 + 0.0
Octanoic acid 10.0 £ 0.0 85+0.7 9.0 £ 0.0 9.0 £0.0 14.5 £ 0.7 15.5+ 0.7 12.5 £ 0.7
Decanoic acid 8.0 £ 0.0 8.0 £0.7 9.5+0.7 7.0 £0.0 11.5 £ 0.7 11.5+0.7 11.0+ 1.4
Positive control 23.5+0.7 245+ 0.7 26.0 +1.4 23.5+0.7 26.0 +£ 0.0 245+ 0.7 25.0 £ 0.0
Negative control NI NI NI NI NI NI NI

Values are expressed as mean inhibition + SD (n = 3).

NI - No inhibition

Tetracycline hydrochloride was used as the positive control.
DMSO was used as the negative control.

[ N R

Slight antimicrobial activity (inhibition zone of sample 1—3 mm), Moderate antimicrobial activity (inhibition zone of sample 3—4 mm), Clear antimicrobial

activity (inhibition zone of sample 4—10 mm), Strong antimicrobial activity (inhibition zone of sample > 10 mm).
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Gram-positive bacteria through hydrophobic interactions with the hy-
drophobic alkyl chain of the DES [10,45]. Each bacterium has a different
level of resistance toward antibacterial agents, even if it belongs to the
same species. The ability of certain bacteria to alter the hydrophobicity
of their cell surface may explain the varying responses of different
strains of the same species to antibacterial actions.

Both HDES formulations in this study exhibited enhanced antibac-
terial efficacy relative to their respective individual counterparts owing
to the supramolecular organization between the two constituents in the
HDES form. This results in a synergistic or additive effect, thereby
rendering the HDES more or less cytotoxic than the individual constit-
uents [10,46]. These results were in good agreement with the COSMO-
RS prediction based on the interaction of selected components of
cellular membranes, despite the fact that the model did not precisely
replicate the composition found in the actual sample, particularly in
relation to the ratio and frequency of the functional groups.

3.3.2. MIC and MBC against Gram-negative and Gram-positive bacteria

An exhaustive examination of the antibacterial effects of HDESs and
their singular constituents was thoroughly conducted via MIC and MBC
tests. These tests are essential in qualitatively evaluating the level of
bacterial resistance or vulnerability to these substances. Detailed in-
sights into the MIC and MBC figures for the HDESs and their separate
components, against a suite of 14 bacterial varieties, are systematically
compiled in Table 5.

The data in Table 5 describe the MIC and MBC metrics and illuminate
the varying degrees of antibacterial efficacy exhibited by the HDESs. A
notable observation was the significant antibacterial action of DES 3 and
DES 4 across all the concentration levels tested. Particularly striking was
their activity at the minimal concentration level (0.044 mg mL’l),
where they outperformed the antibacterial effects of menthol, octanoic
acid, and decanoic acid against all bacterial samples tested.

The MIC tests, which are crucial for determining the lowest con-
centrations that inhibit bacterial growth, were aptly augmented by the
MBC tests. The MBC tests played a key role in ascertaining the least
concentrations required to eradicate 99.9 % of bacterial presence within
a 24-hour timeframe [30]. Although the MBC readings were largely
uniform across the different bacterial strains, B. cereus and C. per-
fringens stood out with MBC values that were higher than the MIC ones,
indicating a variegated bactericidal response.

These results are in sync with the predictions made by the COSMO-
RS model, as touched upon in earlier discussions in Section 3.2. The
predictions from the model, which projected marked antibacterial sup-
pression, found validation through our actual observations, particularly
underscoring the potency of DES 3 and DES 4 at a molar ratio of 1:5. The
ability of COSMO-RS in accurately depicting the dynamic between
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HDESs and bacterial cell membranes reinforces the model’s predictive
capability, essential for constructing green antibacterial solutions. Such
a close match between the predicted antibacterial action and the actual
observations gains further support from similar studies [47], wherein
COSMO-RS elucidated the impact of salt hydrophobicity on the toxico-
logical behavior of HDESs. Moreover, the solubility forecasts by
COSMO-RS, as documented by Lotfi et al. [48], aligned well with their
practical experiments, showcasing the model’s dependability, as seen in
its accurate prediction of acyclovir’s solubility.

3.3.3. Synergistic Effect: MIC of antibiotic boosted with HDESs

To explore potential synergistic effects, DES 4 was combined with
commercial antibiotics such as ampicillin, penicillin G and tetracycline,
and the results detailing this synergistic impact, as assessed through MIC
values, are provided in Table 6. Among the tested bacteria, DES 4
demonstrated the lowest MIC values against S. aureus and V. vulnificus,
indicating its higher efficacy in inhibiting the growth of these bacteria.
Interestingly, based on these results, the MIC values of the antibiotics
combined with DES 4 were lower than the those of individual antibi-
otics, indicating that the boosted formulation possesses a higher po-
tential for inhibitory activity against the same bacteria. These results
were reflected in the enhanced MIC formulation values, ranging from
0.01 pg mL~! t0 0.02 pg mL ™}, compared to the MIC values of individual
antibiotics alone, which ranged from 0.02 yg mL™! to 2.5 ug mL™!
against the same bacteria. Noteworthy, when DES 4 was combined with
tetracycline, it demonstrated an MIC value of 0.01 pg mL™! for both
bacterial strains. This outcome correlated with the previous MIC values,

Table 6
MIC values of ampicillin, penicillin G, and tetracycline combined with DES 3 and
DES 4.

Minimum Inhibitory Concentration, MIC (in ug mL™1)",?

Ampicillin S. aureus V. vulnificus
0.16 0.63
Penicillin 0.63 2.5
Tetracycline 0.16 1.25
DES 4 0.0440” 0.0440”
Ampicillin + DES 4 0.02 0.01
Penicillin + DES 4 0.01 0.02
Tetracycline + DES 4 0.01 0.01

3NA: Not applicable for the experimental purpose.
“Test included DMSO (10 ug mL™!) as the negative control.

! Values are expressed in pg mL™?, referring to the concentration of antibi-
otics; either in individual or in the synergistic effect.

2 Values of DES were the best concentration obtained from the previous MIC
result and were selected for the boosting MIC test.

Table 5
Minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) of HDESs and individual counterparts.
MIC MBC

Samples DES 3 DES 4 Menthol Octanoic acid Decanoic acid DES 3 DES 4 Menthol Octanoic acid Decanoic acid
Bacteria Concentration (mg mL~! %)’
B. cereus 0.089 0.089 22.5 2.813 0.089 45 22.5 ND- ND ND
B. subtilis 0.176 0.044 ND 0.089 0.352 0.176 0.044 ND 0.089 0.352
C. diphtheria 1.406 5.625 ND 5.625 1.406 1.406 5.625 ND 5.625 1.406
C. perfringens 0.044 0.176 45 5.625 0.089 45 ND ND 22.5 45
L. monocytogenes 0.352 0.176 0.089 0.176 0.176 0.352 0.176 0.703 0.176 0.176
S. aureus 2.813 0.044 ND 11.25 0.703 2.813 0.044 ND 11.25 0.703
S. pneumoniae 5.625 1.406 45 45 2.813 5.625 1.406 45 45 2.813
E. coli 0.089 45 45 0.044 22.5 0.089 45 45 0.044 22.5
P. mirabilis 45 1.406 5.625 ND 1.406 45 1.406 5.625 ND 1.406
S. enteritidis 0.044 5.625 22.5 0.044 0.044 0.044 5.625 22.5 0.044 0.044
S. sonnei 5.625 22.5 ND 45 1.406 5.625 22.5 ND 45 1.406
S. typhi 0.352 5.625 ND 2.813 0.352 0.352 5.625 ND 2.813 0.352
V. parahaemolyticus 22,5 0.044 45 45 1.406 22,5 0.044 45 45 1.406
V. vulnificus 22.5 0.044 ND ND 5.625 22.5 0.044 ND ND 5.625

1 ND - Not detected.
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which indicated that DES 4 had the best antimicrobial activity against
various Gram-positive and Gram-negative bacteria, particularly
S. aureus and V. vulnificus. Thus, this result indicates an improvement in
the effectiveness of the antibiotic when used in combination with DES,
with the combined formulation demonstrating lower MIC values than
the antibiotics alone [49,50].

In conclusion, DES 4 serves as a potential antimicrobial agent to
achieve remarkable antimicrobial enhancements by the synergistic ef-
fect on three types of first-line antibiotics: ampicillin, penicillin G and
tetracycline. This result suggests that incorporating DES 4 into the an-
tibiotics favorably enhanced the efficacy of the commercial and existing
antibiotics, which was also reported in previous studies [49,51]. Several
antimicrobial mechanisms may explain this. First, the HDES enhances
the solubility of antibiotics, increasing antibiotic availability at the site
of action and allowing greater penetration into bacterial cells [50].
Second, the HDES may disrupt the bacterial cell membrane or interfere
with intracellular processes, thereby increasing antibiotic penetration
and cellular uptake and enhancing the action of antibiotics [52]. Third,
HDES may alter the cellular physiological environment of bacteria, such
as changes in enzyme activity, affecting their metabolic processes and
making them more susceptible to the action of antibiotics [53]. Fourth,
HDES may interfere with bacterial resistance mechanisms by inhibiting
efflux pumps, which are responsible for expelling antibiotics from the
cells, thus preventing the development of resistance, and making the
bacteria more susceptible to antibiotics [49,54]. Additionally, the
disorganization of the bacterial cell membrane by HDESs may be due to
the penetration of the substance into the lipid bilayers, which leads to
bilayer reorganization while simultaneously allowing the passage of
antibiotic substances [55].

3.4. FTIR spectroscopy analysis

To unravel the molecular interactions and structural characteristics,
DES 4 was specifically selected for the FTIR analysis, owing to its anti-
microbial efficacy, especially against S. aureus, as evidenced in the
antimicrobial assays. The results obtained from the FTIR analysis, with a
focus on the functional groups and their interactions within DES 4, were
then correlated with the COSMO-RS predictions. This alignment

3250
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between experimental findings and COSMO-RS predictions aids in
determining how DES 4 may disrupt bacterial cell membranes can
provides an insight into their antimicrobial properties.

The FTIR spectra for DES 4 demonstrated in Fig. 8 show a wide band
in the range of 2800-3000 cm™! with peaks at 2955.62 and 2924.69
cm ™! and an additional peak at 2855.29 cm ™ that can be attributed to
the medium stretching of C-H bonds in alkyl groups. Multiple single
peaks are also observed at 1711.56 cm™!, representing the carbonyl
group (C = 0), as well as a peak at 1465.54 em ! representing C = C
alkene aromatic group, along with a peak at 937.81 cm ™, which shows
that the sample contains an aromatic compound with an alkene group.
Finally, the peak is observed at 1281.70 cm ™, representing the presence
of an amine functional group. Overall, the FTIR spectrum of DES 4
indicated the presence of various functional groups, including alkyls,
carbonyls, alkene aromatics, and amines.

To emphasize the results, the considerable presence of alkyl func-
tional groups in DES 4 significantly affects its physical properties, such
as the melting point, owing to the length of the alkyl chain, which allows
a higher chance of van der Waals attraction between the molecules [56].
Moreover, the long chain of the alkyl functional group, particularly
provided by decanoic acid (C19Hg20O2), has a direct impact on the anti-
microbial activity of DES owing to the contribution of the carbon chain
to the disruption of the cell membrane, which causes cell death without
reducing selectivity [57]. The presence of the carbonyl functional group
has an additional effect on antimicrobial activity due to the polarity of
the chain containing an oxygen atom that is more electronegative than
the carbon atom. The polarity of the DES is a factor that influences the
interaction between the DES and microbial cells, causing cell disruption,
and therefore, microbial inhibition [58]. Comparing S. aureus and
V. vulnificus, tan evident reduction in the peak was observed at
approximately 1400 cm! (—CH3) [59], indicating an interaction be-
tween the bacteria and DES 4, which was more intense in S. aureus.

Furthermore, for both bacteria, the intensity of the peak from 3500
to 3250 cm~! (~OH) [60] was severely reduced after treatment. The
band at 3250 cm ™! is associated with the stretching vibrations of the
O-H bonds in alcohols and carboxylic acids [61]. Hydrogen bonds be-
tween the water molecules and the surface of the bacterial cell could
have been disrupted by the treatment, resulting in a decrease in the
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Fig. 8. Fourier transform infrared (FTIR) spectra for DES 4, DMSO (negative control), S. aureus (SA), V. vulnificus (VV), and their counterpart with DES 4 treatments,

followed by the synergistic effect with tetracycline.
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intensity of the —OH peak. Because of a change in the makeup or
structure of the membrane, the loss of cell wall strength or the disruption
of hydrogen bonding could potentially lead to the generation of reactive
oxygen species. In addition, a change was observed at 1000-900 cm ™!,
particularly at 1040 cm ™!, which associated with the bending vibrations
of C-H bonds in aliphatic chains. Although the intensity reduced for
both S. aureus and V. vulnificus after DES 4 treatments at 1050 cm™?, it
was more intense in S. aureus, which could be due to the different
chemical compositions of the cell walls of the two bacterial species. The
peak at 1050 cm ! with C-O vibration was linked to carbohydrate or
glycosidic linkages in the bacterial cell walls [62].

In Gram-positive bacteria, such as S. aureus, the cell wall is charac-
terized by a thick layer of peptidoglycan, whereas Gram-negative bac-
teria, such as V. vulnificus, have a thinner layer of peptidoglycan and are
surrounded by lipopolysaccharide, LPS-containing outer membranes.
Therefore, the difference in intensity was most likely linked to the effect
of DES 4 on the different cell membrane structures of the treated bac-
teria. The same reason could be applied to the strength of the peak at
970-900 cm™!, which could be attributed to the disruption of phos-
pholipids in both strains [63]. Owing to the dual nature of the
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phospholipid membrane, DES 4 hydrophobicity may cause dysfunction
and cell rupture, which is supported by the FESEM results in the
following section.

In conclusion, the lower peak intensity at 1040 cm ™" in V. vulnificus
treated with tetracycline and HDESs compared to that in S. aureus sug-
gested that HDESs may interfere with the metabolism of V. vulnificus,
thus decreasing the number of aliphatic chains in the cell wall. Mean-
while, the higher peak intensity at 3250 cm™! in the S. aureus samples
treated with DES 4 suggested that DES 4 may increase the amount of
alcohol in the cell wall [62]. HDESs might have varying impacts on the
cell walls of diverse bacterial types. These differences in effect could
stem from the distinct cell wall compositions found in various bacteria,
such as those observed between Gram-negative and Gram-positive
bacteria.

3.5. Examination of the antimicrobial activity using FESEM

To investigate the impact of DES 4 on bacterial broth samples and
observe its influence on morphology, a series of studies using FESEM
were conducted. Fig. 9a illustrates a control experiment with S. aureus in

8. aurens +
DES 4

e

S. aureus +
DES 4+
tetracychi

Fig. 9. FESEM images of S. aureus on samples that were (a) untreated (control), (b) treated with DES 4, and (c) treated with DES 4 and tetracycline at a magnification

of 10 k and 5 k. Conditions: S. aureus was incubated at 37 °C for 24 h.
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the absence of both DES 4 and tetracycline, while Fig. 9b and 9c depict
S. aureus treated with DES 4 and a combination of DES 4 with tetracy-
cline, respectively. These visuals provide insights into how DES 4 affects
the structure of bacteria, connecting with the results obtained from FTIR
and COSMO-RS analyses. The control group results (Fig. 9a) revealed
the undisturbed circular cellular structure of the bacteria along with a
polished exterior membrane. S. aureus was observed to adhere to un-
treated samples, as reported by Cao et al. [64]. However, after exposure
to DES 4 (Fig. 9b) and DES 4 with tetracycline (Fig. 9c), bacterial
membrane deformation and distortion in the shape of the microbial cells
were visible and exhibited extensive perturbation, resulting in alter-
ations in the shape of the microbial cells. Moreover, intracellular me-
tabolites and cellular debris were detected in the surroundings, whereas
DES 4 and tetracycline were present, suggesting a possible disruption of
the cell membrane, leading to lysis. This result corresponds to the ob-
servations made in the FTIR analysis outlined in Section 3.4. In addition,
both samples treated with DES 4 had the potential to prevent the sur-
vival of S. aureus and completely inhibit it owing to the presence of
cations (menthol) and anions (decanoic acid) [65] as observed in
COSMO-Rs prediction. According to Yoon et al. [30], antimicrobial
lipids such as monoglycerides and FAs are potent antibacterial sub-
stances that can disrupt bacterial cell membranes. Similar findings have
been reported by Pandit et al. [66] wherein the bacterial membrane was
lost upon treatment with the peptide. In summary, according to the
FESEM images, DES 4 appears to contribute to restraining bacterial
activity when combined with common antibiotics like tetracycline.

4. Conclusion

The ability of the COSMO-RS model to predict the HDES interactions
with bacterial cell membranes has the potential to validate the use of
HDESs as environmentally friendly antibacterial agents, thereby
reducing the need for extensive experimental testing. Thus, menthol-
based HDESs exhibited potential as antibacterial agents. DES 4
(menthol:decanoic acid) showed superior inhibitory properties
compared to DES 3 (menthol:octanoic acid) against Gram-positive and
Gram-negative bacteria, with a larger inhibition zone against
L. monocytogenes. Both HDESs effectively inhibited bacterial growth at
various concentrations. Morphological and FTIR analyses confirmed the
inhibitory effects of DES 4 on S. aureus, which caused membrane de-
formations and disruption of functional groups. Notably, the synergistic
effects were observed when DES 4 is used in combination with con-
ventional antibiotics. The potentiation of antibiotic performance by DES
4 enhanced its efficacy against bacterial strains and suggested a prom-
ising approach to combat antimicrobial resistance. This synergistic ef-
fect illustrates that the performance of antibiotics can be effectively
enhanced, leading to lower antibiotic dosages, potentially mitigating
side effects and the developmental resistance.

However, it is essential to extend this research to explore different
arrays, including the screen of other bacteria strains and HDES formu-
lations. Also, future research could focus on examining the toxicity and
long-term effects of HDESs on human cells, performing in vivo experi-
ments, and investigating the mechanisms of action of HDESs on bacterial
membranes. Such studies could unlock possibilities for practical appli-
cations and offer a more thorough understanding of the potential and
safety of HDESs as promising antibacterial agents.
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