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Abstract

This study explores the synthesis, characterization, and extraction efficiency of hydrophobic
natural deep eutectic solvents (NADESs), along with the allergen-modulating potential of
extracted bioactive compounds. Six NADESs were synthesized using binary combinations
of camphor, thymol, eugenol, and menthol (1:1 molar ratio) and characterized using
Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis and differential
thermal analysis (TGA /DTA), density functional theory (DFT), and molecular dynamics
simulations (MD simulations). Bioactive compounds were extracted from Thujopsis dolabrata
wood biomass via ultrasonic-assisted extraction and analyzed using gas chromatography-
mass spectrometry (GC-MS). The total essential oil yield, estimated semiquantitatively
by summing the peak areas of key terpenoid compounds, ranged from 1.91% to 7.90%
across different NADES systems, indicating their varied extraction capacities. Molecular
docking was performed to assess their allergen-modulating interactions with Amb a 1 and
Cry j 1. Al NADESs exhibited single-stage decomposition (110-125 °C) except camphor—
menthol, which recrystallized. FTIR and simulations confirmed strong hydrogen bonding
in eugenol-based NADESs, particularly menthol-eugenol. Extraction identified 47 bioactive
compounds, with 4,50-Epoxy-3-methoxy-17-methyl-7 x-(4-phenyl-1,3-butadienyl)-63,7 3-
(oxymethylene) morphinan as the most abundant (9.31-11.16%). It exhibited the highest
binding affinity (Cryj 1: —8.60 kcal/mol, Amb a 1: —7.40 kcal/mol) and lowest inhibition
concentration (Cry j 1: 0.49 uM, Amb a 1: 3.74 uM), suggesting strong allergen-modulating
potential. Hydrophobic interactions and hydrogen bonding drove protein-ligand binding.
These findings highlight NADESs as effective, sustainable solvents for extracting bioactive
compounds with allergen-modulating potential.

Keywords: Thujopsis dolabrata; natural deep eutectic solvents; molecular dynamics
simulations; phytochemicals

1. Introduction

Medicinal plants have served as the foundation of traditional healthcare systems for
millennia, serving as reservoirs of bioactive compounds with diverse therapeutic proper-
ties [1]. These plants synthesize phytochemicals including alkaloids, terpenoids, flavonoids,
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steroids, tannins, and phenolics in their flowers, bark, seeds, stems, leaves, and roots, which
confer antioxidant, anti-inflammatory, antimicrobial, and immunomodulatory effects [2-5].
Approximately 75-80% of the global population relies on plant-based medicines for pri-
mary healthcare [6], underscoring their enduring relevance. Among these plants, Thujopsis
dolabrata (T. dolabrata) has a historical use in treating respiratory ailments, skin infections,
and inflammatory conditions. Its essential oils and extracts, rich in hinokitiol, thujopsene,
and cedrene, exhibit potent antimicrobial, antifungal, and anti-allergic activities [6].

Pollen allergy (pollinosis), a seasonal allergic rhinitis triggered by airborne allergens
such as Cry j 1 (the major allergen of Japanese cedar, Cryptomeria japonica) and Amb a 1
(the dominant allergen of ragweed, Ambrosia artemisiifolia), represents a growing global
health crisis. In Japan, Cry j 1-driven pollinosis has reached epidemic proportions, affecting
38.8% of the population in 2019, a stark rise from 16.2% in 1998 [7]. Similarly, Amb a
1-induced allergies plague millions in North America and Europe, with ragweed pollen
seasons intensifying due to climate change [8,9]. Both allergens trigger chronic symptoms:
rhinorrhea, sneezing, and ocular irritation, by binding to IgE antibodies and activating
mast cells and eosinophils, severely impairing quality of life (QOL) [7]. Despite their
socioeconomic impact, current therapies (e.g., antihistamines, corticosteroids) offer only
symptomatic relief and fail to neutralize allergenicity or prevent immune sensitization [5].
This underscores the urgency to develop therapies targeting Cry j 1 and Amb a 1 directly,
such as plant-derived compounds that inhibit allergen—antibody interactions or suppress
inflammatory cascades [6,7]. The success of Todomatsu oil in mitigating Cry j 1 allergenic-
ity [7] and the exploratory findings on Hiba wood’s mast cell-inhibitory effects [6] highlight
the untapped potential of coniferous phytochemicals. Similarly, studies on ragweed-allergy
therapies emphasize the role of plant phenolics in destabilizing Amb a 1 structure or
blocking its epitopes [9]. However, translating these discoveries into treatments requires
optimized extraction methods to isolate bioactive compounds efficiently while preserving
their functional integrity.

The efficacy of plant-based therapies hinges on the extraction and isolation of bioactive
phytochemicals. Conventional extraction methods employ organic solvents like ethanol,
methanol, and chloroform, which have been criticized for their toxicity, environmental
persistence, and high energy demands [10-12]. In response, deep eutectic solvents (DESs)
are a promising alternative to conventional organic solvents and have gained popularity
because they are green, non-toxic, biodegradable, and recyclable compared to conventional
extraction solvents [13]. Eutectic solvents can be defined as a mixture of two or more
compounds whose eutectic melting temperature (T¢) is lower than that calculated assuming
ideal behavior (Ti9() [14]. When the difference (T4; — Tj) is notably high, these mixtures
are classified as deep eutectic solvents [15]. DESs are formed through the combination of a
hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA) in specific ratios and
composition windows. Based on their composition, DESs are categorized into five types:
type I (quaternary ammonium salt with metal chloride), type II (quaternary ammonium
salt with metal chloride hydrate), type III (quaternary ammonium salt with organic com-
pounds such as carboxylic acids or alcohols), type IV (metal chloride hydrate with organic
compounds), and type V (non-ionic organic molecular HBDs and HBAs) [16,17]. Type V
DESs, which incorporate chelating polar groups and natural extracts such as terpenes or
fatty acids, are particularly advantageous due to their non-ionic nature [17].

Terpenes and terpenoids have recently emerged as promising components for forming
type V hydrophobic deep eutectic solvents (HDESs) [16,18]. As naturally occurring com-
pounds, their combinations can be classified as natural DESs (NADESs), which are generally
considered environmentally friendly [14,19,20]. Both DESs and NADESs are recognized
as greener alternatives to conventional organic solvents (e.g., methanol, DMSO) due to
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their negligible volatility, low flammability, and often renewable components. NADESs
are considered particularly sustainable as they exclusively use primary metabolites (e.g.,
sugars, amino acids) found in living cells, making them inherently biodegradable and
biocompatible unlike some DESs that may incorporate synthetic ionic salts [16,21]. Our
study utilized three monoterpenoids (camphor, thymol, and dl-menthol) and one phenyl-
propanoid (eugenol) commonly associated with terpenoids due to its presence in essential
oils. Camphor (1,7,7-trimethylbicyclo[2,2,1]heptan-2-one), derived from laurel tree wood
distillation, possesses a bicyclic hydrophobic region responsible for its biological properties
including insecticidal, antiviral, anticancer, and analgesic activities [22,23]. Despite its
toxicity (lethal dose: 50-500 mg/kg in adults), regulatory agencies like the FDA limit its
concentration to 11% in products [24]. Thymol (5-Methyl-2-(propan-2-yl)phenol) and dl-
menthol (5-Methyl-2-(propan-2-yl)cyclohexan-1-ol) both contain alcohol groups but differ
in aromaticity, with thymol being aromatic while menthol is not. Extracted from thyme and
mint, respectively, both compounds are FDA-classified as Generally Recognized as Safe
(GRAS) food additives with low toxicity [23]. Beyond their widespread use in food and
cosmetics for their aroma and flavor, they exhibit anti-inflammatory, antimicrobial, and an-
tioxidant properties, enhancing permeation capacity in pharmaceutical formulations [25,26].
Eugenol, a pale-yellow oily liquid found in essential oils like clove, is a phenylpropanoid
with an allyl group substituted on guaiacol. This compound serves as a key ingredient in
pharmaceutical, food, and cosmetic products, though at restricted concentrations [27]. Its
applications include use as a local antiseptic and anesthetic, with documented antimicro-
bial, anti-inflammatory, analgesic, and antioxidant activities [27]. Despite concerns about
potential dermatitis and allergic reactions from skin contact, eugenol has received FDA
GRAS classification as a food additive [27,28].

Previous research has explored the extraction potential of various binary mixtures
including thymol-menthol [21,29], thymol-camphor [16,21], thymol-eugenol [30], and
camphor-menthol [31]. However, to the best of our knowledge, the NADESs comprising
menthol-eugenol and camphor-eugenol combinations remain unexplored. This study
aimed to explore ultrasound-assisted extraction (UAE) combined with natural deep eu-
tectic solvents (NADESs) as green solvents for the sustainable recovery of compounds
from Thujopsis dolabrata wood biomass. We present the first application of NADESs for
wood biomass extraction, evaluating several low-viscosity hydrophobic DESs for their
extraction efficacy. Our investigation included two novel formulations—menthol-eugenol
and camphor—eugenol—alongside established combinations (thymol-menthol, thymol-
camphor, thymol-eugenol, and camphor-menthol). The physicochemical properties of
these DESs were comprehensively characterized using Fourier transform infrared spec-
troscopy (FTIR) and thermogravimetric (TG) analysis, while molecular dynamics (MD)
simulations and quantum mechanical (QC) calculations provided insights into their molec-
ular structure and formation mechanisms. Additionally, molecular docking analysis was
conducted to evaluate the potential of the extracted compounds in suppressing allergens,
specifically targeting Cry j 1 and Amb a 1. Finally, the findings in this study bridge
phytotherapy and green chemistry, advancing plant-based solutions for global health
challenges while aligning with eco-friendly industrial practices.

2. Materials and Methods
2.1. Experimental
2.1.1. Chemicals/Reagents
The reagents thymol, DL-menthol, camphor, and eugenol were supplied by Fuji-

film wako pure chemical corporation, Osaka Japan (Table 1). Pulverized Hiba (Thujopsis
dolabrata) wood biomass was collected from Aomori prefecture, Japan.
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Table 1. Chemicals used for the synthesis of the NADESs in this study.

s/n Chemical MF M/gmol 1 Purity Phase at RT Structure
1 Camphor Ci10H160 152.23 >0.98 Solid
2 Thymol C10H140 150.22 >0.98 Solid
3 Eugenol C10H120, 164.20 >0.98 Liquid
4 DL-Menthol C10H200 156.27 >0.98 Solid

2.1.2. Synthesis of the Natural Deep Eutectic Solvents

NADESs were prepared using the heating-stirring method with a magnetic stirrer
according to previously reported methodology [32]. In this study, HBA-HBD at 1:1 molar
ratio was mixed in a glass vessel. The mixture was heated at 50 °C with a rotational speed
of 500 rpm until a clear and homogeneous solution was obtained.

2.1.3. NADES Characterization

The NADESs and their individual components were studied using Fourier transform
infrared spectroscopy (FTIR) (Jasco Technologies, Las Vegas, NV, USA, FTIR spectropho-
tometer 6100 FTIR equipped with a ZnSe-ATR system). The sample to be analyzed was
placed over the light path, and the respective interference was measured as a transform for
wavenumber from 450 to 4000 cm ! at a resolution of 4 cm~!. The samples were tested
in their original phases (solid and liquid phases). TGA is a technique used to study the
thermal stability and decomposition behavior of materials as a function of temperature.
The thermal stability of the NADESs was investigated using a thermogravimetric analyzer
(Shimadzu DTG-60, Shimadzu Corporation, Kyoto, Japan). The NADESs with a mass of
10 = 0.2 mg sealed in a 70 pL aluminum oxide pan were heated from 30 °C to 400 °C with
a heating rate of 10 °C/min in a nitrogen atmosphere with a flow rate of 100 mL/min.
Menthol-eugenol mixtures with varying molar ratios (menthol mole fraction 0.1-0.9) were
prepared by heating at 60 °C for 30 min to ensure homogeneity. Approximately 10 mg
of each mixture was sealed in an aluminum pan and analyzed using differential ther-
mal analysis (TG/DTA Shimadzu DTG-60, Shimadzu Corporation, Kyoto, Japan) from
room temperature to 80 °C at a heating rate of 2 °C/min under an argon atmosphere.
Menthol-eugenol was selected for experimental validation due to the predictions made by
the molecular dynamics (MD) and density functional theory (DFT) simulations.

2.1.4. Ultrasonic Assisted Extraction

The extraction procedure was performed by extracting 200 mg of biomass by 2 mL
of NADES for 30 min using an ultrasonic bath 200 W and 40 kHz (Desktop Ultrasonic
Cleaner (Sono Cleaner, 200D) Kaijo Corporation, Tokyo, Japan) at 35 °C, similar to [32]. The
resulting extracts were centrifuged at 6000 rpm for 5 min, after which the supernatant was
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carefully collected and filtered using a 0.22 um PTFE syringe filter before GC-MS analysis
(Figure 1b).
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Figure 1. (a) Schematic flowchart of the current study; NADES preparation, characterization, ex-

traction, and potential allergen-repressing investigation. (b) Flow chart illustrating the extraction
procedure of bioactive compounds from Thujopsis dolabrata wood biomass using ultrasonic-assisted
extraction, followed by GC-MS characterization for compound identification and profiling.

2.1.5. Determination of Components of the Extract

The analysis was performed using a 0.25 mm i.d. x 30 m InertCap 17 column (GL
Sciences Inc., Shinagawa-ku, Tokyo, Japan) with a 0.25 um film thickness, coupled to
an HP6890 gas chromatograph interfaced with an HP5973 mass spectrometer (Model
Agilent 5973N, Agilent Technologies, Inc., Santa Clara, CA, USA, 1999). The initial column
temperature was set at 50 °C and maintained for 3 min before being ramped to 280 °C at a
rate of 10 °C/min, followed by a further increase to 300 °C for 10 min. Mass spectrometric
detection was performed in scan mode. The injector volume was 1 pL, operated in split
mode (10:1), with an injector temperature of 250 °C. High-purity helium (99.99%) was
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used as the carrier gas at a flow rate of 1 mL/min. Electron ionization (EI) was set at
70 eV, with a scan time of 0.2 s, and a fragment mass range of 40-600 m/z. Data collection
and processing were conducted using HP ChemStation software (G1701EA E.02.02.1431)
installed on the Agilent 5973N GC-MS system. To ensure reproducibility, all extractions and
analyses were conducted using standardized procedures and under controlled conditions.
Plant extracts can present challenges due to their complex matrices, so care was taken to
minimize variability. The final extracts were diluted to 1 ppm prior to GC-MS analysis to
reduce the risk of overloading the injector and to improve consistency across runs. Sample
stability was maintained by analyzing extracts immediately or storing them at 4 °C for no
more than 24 h when necessary. To preserve the integrity of the GC-MS system, especially
the injector, solvent blanks were run between samples to monitor and prevent carry-over
or contamination.

2.2. In Silico Methods
2.2.1. Density Functional Theory Calculations

The Avogadro [33] program was used to build the initial structures of the HBA and
HBD monomers. The HBD/HBA was developed at a mole ratio of 1:1. The DFT calculations
for components and NADES dimers were carried out through geometrical optimizations
at BBLYP/6-31G(d) [34] theoretical level using Gaussian software (G09) [35]. Topological
analysis of intermolecular interactions was carried out by applying the quantum theory of
atoms in molecules (Bader’s QTAIM theory) [36] with MultiWEN software, Version 3.7 [37].
(The QTAIM analysis of intermolecular forces was carried out considering electron density
(pe) and Laplacian of the electron density (V2pe) of bond critical points (BCPs, type (3, —1)
in QTAIM). Likewise, non-covalent interaction (NCI) analyses [38] were also plotted for
the optimized clusters. The electron localization function (ELF) was used to calculate the
core—valence bifurcation index (CVB) [39].

2.2.2. Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed using the Forcite module
within BIOVIA Materials Studio [40]. Cubic simulation boxes containing 200 molecules
in total (100 hydrogen bond acceptors (HBAs) and 100 hydrogen bond donors (HBDs))
were generated using the Amorphous Cell module in BIOVIA Materials Studio [41] to
achieve an initial density of 1 g cm~3 [42]; periodic boundary conditions were applied
in all directions for all simulated systems. The molecular geometries of the NADES
components were optimized using the COMPASS II force field. The initial simulation
boxes underwent equilibration using an NPT ensemble at 0.1 MPa, and at 298 K for 100 ps.
Following equilibration, production simulations were conducted under the NVE ensemble
for 1 ns, using a 1 fs timestep and saving frames every 500 steps. Atomic charges were
assigned automatically, while van der Waals interactions were computed using an atom-
based approach, and electrostatic interactions were calculated using the Ewald summation
method [42]. To further minimize the system’s total energy and achieve a more stable initial
configuration, annealing was applied before commencing molecular dynamics simulations.
the Nose-Hoover thermostat [43] was employed for temperature control and the Parrinello—
Rahman barostat [44] for the desired pressure.

2.2.3. Molecular Docking Simulation

The allergen repressing potentials of the NADES-extracted compounds were evaluated
by molecular docking of the compounds on the surface of the receptor proteins of two major
pollen allergens, Amb a 1 (AlphaFold DB: EIXUMO) (ragweed) and Cry j 1 (AlphaFold DB:
P18632) (Japanese cedar), retrieved simultaneously from the AlphaFold Protein Structure
Database (https:/ /alphafold.ebi.ac.uk/). The structures of the compounds were obtained
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in SDF format from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), and
converted to PDBQT format in Open Babel of PyRx. The blind docking approach was
conducted by docking the compounds against the chain A of the proteins in Autodock
Vina in PyRx software version 0.8 [45]. The docking modes and docking binding energy
(AG) are the foundational findings in the docking procedure. Hydrogen bonding and
other hydrophobic interactions between the compound-allergen receptor complexes was
visualized using Biovia Discovery studio 4.5 [7]. The inhibition constant (uM) of the
compounds to receptor proteins was computed, and presented in Equation (1), where Rcal
is 1.98719, and T is the temperature (298 K).

. (Binding energy(AG)x1000)
Inhibition constant = exp RealxT (1)

2.3. Statistical Analysis
OriginLab Pro 8 was employed to analyze and plot the data.

3. Results and Discussion
3.1. NADES Synthesis and Characterization

The synthesis of NADESs is based on cheap, abundant, and recyclable biomaterials [45].
The types and ratios of the HBA and HBD can directly influence the properties of the
NADESs synthesized. The NADES components used in this research are presented in
Table 1. A total of six NADESs were prepared in this study by combining the HBA and
HBD at a ratio of 1:1 for all NADESs. While the NADESs not related to eugenol were all
colorless, a faint yellow color was observed in the NADESs containing eugenol (Figure 2a).
Four (4) days after the NADES synthesis, the camphor-menthol NADES recrystallized
(Figure 2b); the crystallization corroborated with a previous report by [41], who reported
the recrystallization of camphor-menthol NADESs at a ratio of 1:1 when cooled. Some other
researchers have also reported the synthesis of some NADESs using same composition, e.g.,
thymol-menthol [29,46], thymol-camphor [23,41], thymol-eug enol, camphor-menthol [31].
To the best of the authors” knowledge, this study is the first time NADES combinations of
camphor—eugenol and menthol-eugenol have been prepared.

The thermal stability of the hydrophobic NADESs and their components were ana-
lyzed using the TG/DTA analyzer and the TG curves are shown in Figure 3A,B. The results
revealed single stage decomposition for all the TG curves. The onset decomposition temper-
ature (Tonset) and the peak decomposition temperature are presented in Table 2. The onset
decomposition temperature indicates the maximum temperature at which compounds can
maintain their liquid state without decomposition and can also be used to characterize their
range of use as solvents [46]. As presented in Table 2, the onset decomposition tempera-
ture values for the synthesized NADESs showed varying results ranging from 110-125 °C.
Figure 3B shows how the onset decomposition temperature (Tonset) of the NADESs varies
from that of the pure components. While the NADESs showed Tonset Values that are in
between the values of a higher component Tonset and a lower component Tonset, the Tonset
values of menthol-eugenol and thymol-eugenol were lower than the values of their com-
ponents. These results are generally consistent with reported thermal data, although some
values from the literature correspond to different molar ratios. For instance, Osch et al. [29]
reported a melting point of 381.9 & 4.9 K (~108.75 °C) for thymol-menthol (Thy:Men) at the
same 1:1 ratio, which is a little lower than our onset temperature of 125.5 °C. For thymol-
camphor, Harifi-Mood et al. (2023) [46] reported a higher melting point of 398 K (~125 °C)
but for a 4:6 molar ratio; our 1:1 mixture, however, showed a similar onset temperature
of 125.2 °C. Menthol-camphor was reported by Phaechamud et al. (2015) [47] to have an
onset temperature of around 108.17 °C, which aligns well with the thermal stability trends
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observed in our related NADESs. These comparisons indicate that the thermal behavior
of our NADES mixtures is consistent with the literature, considering the effect of molar
ratio variations on thermal properties. The thermal behaviors in the NADESs suggest that
strong intermolecular interactions like hydrogen bonds may have enhanced their thermal
and chemical properties, which may lower the free energy in the case of menthol-eugenol
and thymol-eugenol NADESs and may consequently improve their extraction capabilities.

344
s
324
o
5 Eutectic point
™
> 30 4
£
2
S 2

26 4

100% E 0..2 0:4 0:6 0:8 100% M

Mczecfr;ction

Figure 2. (a) Visuals of the synthesized NADESs. (b) After 4 days. (c) Solid-liquid phase diagram
of menthol-eugenol NADES system based on DTA analysis. The plot shows the onset melting
temperatures of mixtures at various molar ratios of menthol (mole fraction 0.1-0.9). The minimum

point at the 1:1 molar ratio indicates the eutectic composition, confirming the formation of a stable
NADES at this ratio.

Table 2. (a) Thermal properties of individual components and NADESs determined by thermogravi-
metric analysis (TGA). (b) Solid-liquid equilibrium of menthol-eugenol NADES.

(a)
Compound/NADES Onset Temperature (°C) Peak Decomposition Temperature (°C)

Thymol-Camphor 125.2 174.3
Thymol-Eugenol 123.4 185.1
Menthol-Eugenol 110.2 155.4

Camphor-Eugenol 114 178
Thymol-Menthol 125.5 176.9
Thymol (pure) 132.5 181.8
Camphor (pure) 102 165.4
Eugenol (pure) 145 206.8

Menthol (pure) 119.3 167
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Table 2. Cont.

(b)
Mole Fraction of Menthol 1st Peak Temp (°C) DTA Min (1V)
0.1 28.36 -1.28
0.3 28.2 -1.38
0.5 26.36 -1.19
0.7 29.17 -2.07
0.9 34.64 -14.48
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Figure 3. (a) TGA curves of the NADESs. (b) Comparison between the Tonset (Onset temperature) of
the NADESs and the pure components. (c) FTIR spectra of the NADESs and the pure components.

To further verify the structural alterations in NADESs, the FTIR spectra of different
NADESs were obtained, with a focus on the O-H stretching, which is closely related to
hydrogen bonding (Figure 3C). Apart from camphor, other pure components of the NADESs
had O-H stretching vibration bands. The O-H band in the NADESs appeared between
3200-3600 cm !, and the C=0 stretching vibrations were observed around 1700 cm~! and
1750 cm 1. Although slightly noticeable in the figure, a blue shift was observed in the O-H
vibrational band of the NADESs in comparison to the pure components. The shifting of the
bands also indicated the strength of the intermolecular hydrogen bonding [48]. Thus, the
NADESs had weaker intermolecular hydrogen bonding compared to the pure components.
The alignment of the OH-stretching band of the eugenol NADES at the eugenol’s O-H
bands may suggest a redistribution of hydrogen bonding, where the other components
(thymol, menthol, and camphor) adapt to the environment set by eugenol. The broader
peaks observed in the eugenol NADES compared to the pure eugenol may indicate multiple



Separations 2025, 12, 214

10 of 34

hydrogen bonding modes and a stronger hydrogen bonding network [49]. This property
may be due to the strength of the eugenol’s hydrogen bonding capacity influencing their
-OH bands to shift towards eugenol’s -OH band, and the dynamic nature of the NADES
resulting in the shared hydrogen bonding network. The reduction in peak intensity of the
C=0 stretching vibration of camphor in the NADES also shows that camphor interacted
as a HBA in the formulated NADESs. Although the shift in the OH stretching absorption
band was not very noticeable, overall FTIR spectra was able to identify the presence of
hydrogen bonding in the NADESs.

Among the various NADES combinations studied, the menthol-eugenol system exhib-
ited the most favorable constitutional characteristics based on both theoretical predictions.
Molecular simulations highlighted its superior structural organization and dynamic be-
havior, indicating strong and stable molecular interactions within the mixture. These
findings suggested that menthol-eugenol forms a robust and thermodynamically stable
NADES, warranting further experimental confirmation. To validate these predictions, the
solid-liquid phase behavior of the menthol-eugenol mixtures was investigated using dif-
ferential thermal analysis (DTA) across a range of molar ratios (Table 2b). The DTA results
confirmed the presence of a well-defined eutectic point at the 1:1 molar ratio, marked by
the lowest onset temperature among all tested compositions (Figure 2c). This depression in
melting point, relative to the individual components, is a hallmark of NADES formation
and indicates strong intermolecular interactions. The agreement between theoretical mod-
eling and experimental data provides compelling evidence for the formation of a stable
deep eutectic system at the 1:1 ratio. The synergy between menthol and eugenol in this
composition supports its selection as the optimal NADES for further functional studies,
including extraction, solubilization, or delivery applications.

3.2. NADESs as a Green Separation Tool

The use of hydrophobic NADESs for extraction of bioactive compounds has gained
wide audience due to their sustainability and low toxicity during compounds isola-
tion [16,29,50]. Unlike conventional organic solvents, these NADES systems achieve molec-
ular separation through tunable solvent—solute interactions, particularly hydrogen bonding
between NADES components and target compounds, while their viscosity-controlled mass
transfer properties enable selective extraction. In this study, the extraction of compo-
nents from Hiba wood biomass was performed through an integrated process combining
maceration and sonication using five carefully selected hydrophobic NADES formula-
tions. The camphor-menthol NADES was excluded due to recrystallization issues during
preparation. The chromatographic separation efficiency of these NADES systems was
clearly demonstrated by the GC-MS results, which showed solvent-specific extraction
profiles This approach also allowed us to identify several new compounds not previously
reported [6]. The GC-MS analysis revealed the presence of various bioactive compounds
across all extracts, with chromatograms (Figure 4) showing distinct compositional patterns
depending on the NADES employed. A total of 47 unique components were identified
(Tables 3 and S1-S5) through the Wiley GC-MS spectra database library search program in
the HP ChemStation software using retention indexes and reference compounds. Notably,
the extraction profiles revealed significant differences in compound selectivity, particularly
for oxygen-sensitive metabolites that remained stable throughout the separation process.
In all the extracts, 4,5x-Epoxy-3-methoxy-17-methyl-7 o-(4-phenyl-1,3-butadienyl)-63,7 3-
(oxymethylene) morphinan was identified as the most abundant compound with a retention
time of (28.273 min) and percentage peak area and peak ratio of camphor-eugenol (9.31,
43.61), menthol-eugenol (10.243, 47.08), menthol-thymol (10.28, 33.05), camphor-thymol
(10.876, 69.43), and thymol—-eugenol (11.160, 50.87), respectively. These quantitative differ-
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ences in extraction efficiency highlight the structure-specific interactions between NADES
components and target metabolites classes. The identified components were classified
into seven main chemical groups: alkane-related compounds, polycyclic aromatic com-
pound derivatives, alkaloids, terpenes and terpenoids, fatty acids and esters, phenolic
compounds, and steroids (Table 3, and Figure 5a—e). The extraction performance of var-
ious hydrophobic NADES formulations was evaluated based on the relative abundance
of essential oil compounds identified through GC-MS analysis. Due to the absence of
external calibration standards, the quantification of essential oil content was performed
using a semiquantitative approach based on normalized peak areas. Specifically, the per-
centage yield of essential oils was estimated by summing the peak area percentages of
four major essential oil compounds consistently identified across the NADES systems:
ethyl (2E,6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraenoate, deoxycaesaldekarin
C, lanosta-7,9(11)-diene-3,18,20-triol, and squalene. These compounds were selected due to
their relevance to the essential oil profile of the target biomass. In the absence of gravimet-
ric extract yield data, the total essential oil peak area percentage served as a comparative
indicator of extraction efficiency. Among the tested NADES systems, menthol-eugenol
exhibited the highest essential o0il content (7.90% of total GC-MS peak area), followed
by camphor—eugenol (6.80%), menthol-thymol (4.57%), camphor-thymol (3.69%), and
thymol—eugenol (1.91%) (Figure 5f, Table S2). These findings suggest that NADES com-
position significantly influences the selectivity and efficiency of essential oil extraction,
with binary systems incorporating menthol or camphor showing enhanced performance in
solubilizing and recovering essential oil constituents. While this study successfully demon-
strated NADESs’ extraction capabilities, certain limitations should be noted. The relative
abundances of identified compounds (Tables 3 and S1-S5) serve as preliminary indicators
of extraction efficiency rather than absolute yield measurements. As a proof-of-concept
investigation of novel NADES formulations, we prioritized establishing their capacity to
solubilize hydrophobic bioactives over yield optimization—a necessary first step given
the scarcity of literature on hydrophobic NADES separations. Future work will focus on
(1) quantitative yield determination for scale-up, (2) purity assessments, and (3) solvent
recycling efficiency while maintaining the selectivity advantages demonstrated here.

(@) === “I" Camphor-Eugenol (C) 1= wm  Menthol-Eugenol (e) °

Camphor-Thymol

®) == " Menthol-Thymol @:

Figure 4. TIC obtained from the GCMS analysis of the hydrophobic NADES extract of T. dolabrata
wood biomass: (a) camphor—eugenol, (b) menthol-thymol, (c) menthol-eugenol, (d) thymol-eugenol,
(e) camphor—thymol.
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Table 3. Components of the extracts obtained by the extraction of T. dolabrata wood biomass using
hydrophobic NADESs.

Phytochemical Family Compounds

(I) 1-Cyano-1,1-dideuterio hexadecane; (II) 2-Methylhexadecane; (III)
2-Methylpentadecane; (IV) 3,8-Dimethyldecane; (V) 3-Methylheneicosane; (VI)
3-Methyloctadecane; (VII) 5-Methylundecane; (VIII) Cetane; (IX) Decane,
3,8-dimethyl-; (X) Docosane; (XI) Eicosane; (XII) Heneicosane; (XIII) Heptadecane;
Alkane-related compounds (XIV) Heptadecane, 8-methyl-; (XV) 8-methyl-Heptacosane; (XVI) Hentriacontane;
(XVII) Hexadecane; (XVIII) Hexadecane, 7,9-dimethyl-; (XIX) Hexatriacontane; (XX)
Nonadecane; (XXI) Nonacosane; (XXII) Norpristane; (XXIII) Octadecane; (XXIV)
Octadecane, 2-methyl-; (XXV) Pentacosane; (XXVI) Pentadecane; (XXVII) Phytane;
(XXVIII) Tetracosane; (XXIX) Tetradecane; (XXX) Tricosane; (XXXI) Triacontane

Polycyclic aromatic

. oo o
compound derivatives 4-(Biphenyl-2'-yl)-7-chloro-1,2-dihydronaphthalene

(I) 4,5a-Epoxy-3-methoxy-17-methyl-7 x-(4-phenyl-1,3-butadienyl)-63,7 3-
(oxymethylene) morphinan; (II) Skatole

(I) Ethyl (2E,6E,10E)-3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraenoate; (II)
Deoxycaesaldekarin C; (ITI) Lanosta-7,9(11)-diene-3,18,20-triol; (IV) Squalene

(I) Hexadecanoic acid, 1-(hydroxymethyl)-1,2-ethanediyl ester; (II) Monostearin; (III)
7,9-di-tert-butyl-1-oxaspiro[4,5]deca-6,9-diene-2,8-dione

Alkaloids

Terpenes and terpenoids

Fatty acids and esters

(I) Methyl 1-anthraquinonesulfenate; (II) 3-Phenylpropionic acid,
5-methoxy-2-[3,4-dimethoxyphenyl]-

Steroids (I) Pregn-20-en-3-0l, 20-methyl-, (33,50)-

Phenolic compounds

(a) Thymol-Eugenol
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M 2
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Figure 5. (a—e) The NADES extract compositions plotted as components against abundance (% peak
area and ratio). (f) Semiquantitative comparison of essential oil content extracted using different
NADES systems based on GC-MS peak area percentages. The total essential oil content was estimated
by summing the peak area percentages of four key essential oil compounds—ethyl (2E,6E,10E)-
3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraenoate, deoxycaesaldekarin C, lanosta-7,9(11)-diene-
3,18,20-triol, and squalene identified in each extract. Values represent the relative abundance of these
compounds within the total ion chromatograms of each NADES extract.

3.3. In Silico Simulation
3.3.1. Density Functional Theory (DFT)
Frontier Molecular Orbital Analysis

A comprehensive analysis of intermolecular interactions and structural characteristics
of fluid systems is essential for accurately characterizing the properties of the investigated
NADESs at the nanoscopic level [51]. Particular emphasis should be placed on the hy-
drogen bonding interactions between the hydrogen bond acceptor (HBA) and hydrogen
bond donor (HBD), as these govern the fundamental properties of NADESs [34]. The DFT
approach employing a minimal cluster model was utilized to investigate the hydrogen
bonding properties of the system. The results quality largely depends upon the selected
computational methods, proficiency, and time. The cluster model was constructed by con-
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sidering the structures of the HBA-HBD components in a 1:1 dimer. The dimer structures,
along with the individual component molecules, were optimized, and their geometries
were subsequently used to compute relevant geometric, energetic, and electronic properties.
The (frontier molecular orbitals) FMOs reveal information about the molecule’s chemical
reactivity, and the frontier orbital distribution shows where the active sites are present [52].
In this study, the FMOs of the HBA-HBD pairs and the that of the components (HBA
or HBD before the NADES systems were formed) were calculated and compared and
the changes occurring in the HBA-HBD hydrogen bonds were observed (Figure 6). The
corresponding energy gaps were compared and are presented (Table 4). Analyzing the
location of the frontiers orbitals in the pure components as presented in Figure S1, the
result revealed that excluding the LUMOs of eugenol and thymol (with orbitals away from
the vicinity of the donor or acceptor), the HOMOs and LUMOs of the pure components
was located within the vicinity of the donor (OH-group) or the acceptor (O-atoms) in the
molecular sites. Similar to the LUMOs of eugenol and thymol components, the LUMOs of
the generated NADESs was not located in the vicinity of the donor/acceptor molecular
sites (Figure 6). In contrast to the LUMOs, all the HOMOs were located within the donor
(OH-group) sites of the NADESs generated. The values of the HOMO-LUMO energy gaps
for pure components range from 4.27-8.85 eV (Table 4). Menthol showed the highest gap
(8.85 eV), suggests greater stability and lower reactivity, while eugenol has the lowest gap
(4.27 eV), indicating higher reactivity. This trend aligns with their expected chemical behav-
iors, where eugenol, with a smaller gap, may participate more readily in electron transfer
processes compared to menthol. The difference in the HOMO-LUMO energy gap of the
NADESs was within the range of (3.83—4.29) eV (Table 4 The energy gap recorded was in
the following order: camphor—eugenol < thymol-eugenol < menthol-eugenol < camphor-
thymol < menthol-thymol for the generated NADESs. The smaller HOMO-LUMO gap
differences for the eugenol-related NADES indicate stronger electronic interactions, enhanc-
ing solvent stability. Larger differences suggest weaker interactions, affecting hydrogen
bonding and solvation properties [53]. This finding also corroborated with the FTIR result
in this study, which suggested the eugenol related NADES may possess stronger HBD
potentials compared to the other components, this is also observed in the HOMO-LUMO
orbitals in Figure 6. Apart for the high energy gap value of camphor component, the energy
gap values of the pure components resemble the generated NADESs. This indicates that
the primary electronic properties of the component pairs resemble those of the individual
components of the pairs and since NADESs are physically mixed systems, rather than
chemically bonded new compounds, their frontier molecular orbitals (HOMO/LUMO)
remain similar to the original components.

Table 4. Quantum chemical properties of deep eutectic solvents.

Components E Gap I(eV) A (eV) u(eV) n (eV) S (eV) X (eV) w (eV)
Cam-Eug 3.83 8.64 481 —6.72 1.92 0.96 6.72 11.80
Cam-Thy 426 9.20 494 —7.07 2.13 1.07 7.07 11.72
Men-Eug 4.14 8.99 4.84 —6.91 2.07 1.04 6.91 11.53
Thy-Eug 3.98 9.00 5.02 -7.01 1.99 0.99 7.01 12.35
Men-Thy 4.29 9.24 4.95 —7.10 2.14 1.07 7.10 11.74
Camphor 5.02 9.76 474 —7.25 2.51 1.26 7.25 10.46
eugenol 413 8.93 1.68 —5.30 3.62 1.81 5.30 3.89
menthol 8.85 10.54 4.80 —7.67 2.87 1.43 7.67 10.25

thymol 427 9.21 494 -7.07 2.13 1.07 7.07 11.72

Abbreviations: Energy gap: E gap, Ionization potential: (I), Electron affinity: (A) Chemical potential: (i), Chemical
hardness: (11), Chemical softness: (S), Electronegativity: (X), Electrophilicity index: (w).
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Figure 6. (a—e) The HOMO-LUMO structure diagrams of the simulated NADESs. (f) Plot of the
energy difference of the HOMO-LUMO of the pure components and the NADESs.

The quantum chemical parameters, including chemical potential (1), chemical hard-
ness (1), chemical softness (0), electronegativity (x), and electrophilicity index (w), were
calculated based on the frontier molecular orbital energies (HOMO and LUMO) as pre-
sented in Table 4. The chemical potential (i) is the chemical energy per mole of a substance
and is calculated using equation (Supplementary Equation (S1)) The reactivity of the molec-
ular system is decreased with the chemical potential’s decrease, so the structures’ stability
is increased [34]. The chemical potential values derived from the frontier molecular orbitals
(FMOs) indicate that the NADES mixtures generally exhibit intermediate stability between
their pure components, except for camphor, which has the lowest reactivity (—7.25 eV),
and eugenol, which has the highest (—5.30 eV), suggesting its greater tendency to donate
electrons. The observed trend suggests that hydrogen bonding interactions in the NADES
mixtures lead to an electronic stabilization effect, bringing their chemical potential closer to
that of the more electronegative component in each pair. The differences in chemical poten-
tial between the NADES mixtures and their pure components suggest that the electronic
properties of the mixtures are influenced by the dominant component in each pair. Most
NADESs exhibit chemical potential values that fall between their respective HBD and HBA
components, indicating that hydrogen bonding interactions stabilize the system without
drastically altering individual electronic properties. However, the camphor-based NADESs
(Cam-Eug: —6.72 eV, Cam-Thy: —7.07 eV) are less stable than pure camphor (—7.25 eV),
suggesting that camphor’s rigid structure weakens electron delocalization when mixed. In
contrast, eugenol-based NADESs (Men-Eug: —6.91 eV, Thy-Eug: —7.01 eV) shift closer to
eugenol’s higher reactivity (—5.30 eV), likely due to its electron-donating nature, which
influences the overall electronic structure of the mixture. This observation corroborates
with the FTIR spectra where the eugenol- NADES exhibited broader -OH peaks that shifted
towards the pure eugenol -OH environment. Chemical hardness (1) can be related to molec-
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ular stability [53]. A low hardness value indicates the electron donating ability of molecules,
as given by (Supplementary Equation (S5)) [54], which illustrates a molecule’s barrier to
exchanging electron density with its surroundings. The NADES mixtures exhibited lower
chemical hardness than their hardest pure component, indicating increased polarizability
and electronic flexibility. Eugenol, with the highest hardness (3.62 eV), significantly reduces
hardness in mixtures such as Cam-Eug (1.92 eV) and Thy-Eug (1.99 eV), making them more
reactive. Camphor (2.51 eV) and menthol (2.87 eV) contribute to relatively higher hardness
in Cam-Thy (2.13 eV) and Men-Thy (2.14 eV), maintaining greater stability. Overall, the re-
duced hardness of NADESs compared to their pure components suggests enhanced charge
delocalization and intermolecular interactions. On the other hand, the chemical softness (S)
indicates the aptitude of the molecule to capture electrons, as calculated using equation
(Supplementary Equation (S6)) [54]. High polarizability is correlated with softness, which
assesses the ease of electron transfer [55], and the NADES mixtures generally exhibit higher
softness than their hardest pure component. Eugenol, with the lowest softness (1.81 eV~1),
significantly reduces the softness of its mixtures, such as Cam-Eug (0.96 eV ') and Thy-Eug
(0.99 eV~1), making them less polarizable. In contrast, camphor (1.26 eV~!) and menthol
(1.43 eV~1) contribute to relatively higher softness in Cam-Thy (1.07 eV~!) and Men-Thy
(1.07 eV~1), suggesting moderate reactivity. Overall, the increased softness of NADESs
compared to some of their pure components implies enhanced electronic adaptability and
charge delocalization, facilitating intermolecular interactions. Electronegativity (X) reflects
the tendency of a molecule to attract electrons, which may be calculated using equation
(Supplementary Equation (57)) [56]. The NADES mixtures exhibit values influenced by
their constituent components, indicating balanced charge distribution. Arranging the
NADESs in decreasing order of electronegativity gives: Men-Thy (7.10 eV) > Cam-Thy
(7.07 eV) = Thy-Eug (7.01 eV) > Men-Eug (6.91 eV) > Cam-Eug (6.72 eV), showing that
mixtures containing thymol generally have a higher electron-attracting ability. The elec-
trophilicity index (w) quantifies the overall electrophilic nature of a molecule, measuring
how much power is lost as a result of the greatest electron transfer between a donor and an
acceptor. The electrophilicity index was described in Supplementary Equation (S8) [57]. The
NADES mixtures show varying levels of electrophilicity, with the highest value for Thy-Eug
(12.35 eV), indicating a stronger electrophilic character compared to other mixtures. The
electrophilicity index values for Cam-Eug (11.80 eV), Cam-Thy (11.72 eV), and Men-Thy
(11.74 eV) suggest moderately high electrophilic behavior, while Men-Eug (11.53 eV) shows
slightly lower electrophilicity. In contrast, the pure components like eugenol (3.89 eV) have
significantly lower electrophilicity, highlighting their weaker electron-accepting nature
compared to the NADES mixtures, which have higher electrophilicity due to the interaction
between donor and acceptor components.

e Investigation of hydrogen bond interactions in the NADES system (QTAIM, NCI, and
IRI analysis).

The electron density distribution of a molecular system is the physical manifestation
of the forces acting within the molecular system, while its Laplacian (V2p) reveals elec-
tron accumulation and depletion, providing a basis for Lewis’s electron pair model and
distinguishing covalent, ionic, and weak interactions [58]. Quantum Theory of Atoms in
Molecules (QTAIM) offers a powerful framework for analyzing intermolecular interactions
using electron density (pe) and its Laplacian (V2pe) at bond critical points (BCPs) [58,59].
Based on QTAIM analysis, intermolecular interactions were examined using bond critical
points (BCPs, type (3, —1)), along with electron density (pe) and its Laplacian of the electron
density (VZ2pe) [37]. All the HBA-HBD pairs were identified by the presence of a bond
path connecting the donor (OH) and acceptor (O) atoms, confirming BCP formation. The
detailed topological properties are summarized in Table 5. Bader et al. [36] stated that
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high electron density (p > 0.1 a.u.) at the bond critical point (BCP) and a negative Lapla-
cian (V?p < 0) are characteristic of covalent bonds, indicating electron concentration at the
BCP [60]. For hydrogen-bonded interactions, the electron density pe at the BCP is much
smaller, typically around 102 a.u. or less [59]. The electron density (pe) values for the
NADESs were found to range between (0.023 and 0.039) a.u., indicating moderate electron
concentration at the bond critical points (BCPs), typical of hydrogen bonding interactions.
The Laplacian (V2 pe) values ranged from (0.074 to 0.117) a.u., suggesting that these interac-
tions exhibit electron depletion, which is a hallmark of weaker, non-covalent bonds like
hydrogen bonds. Hydrogen bonding was further analyzed using the electron localization
function (ELF), from which the core-valence bifurcation (CVB) index was calculated. The
CVB index, defined as CVB = ELF(C-V) — ELF(DH-A), is used to differentiate hydrogen
bonds by examining the bifurcation between the core and valence domains of electron
localization, where D is the donor, H is hydrogen, A is the acceptor, and ELF(C-V) and
ELF(DH-A) represent the bifurcation values between the core and valence domain and
between the donor hydrogen and acceptor, respectively [61,62]. The CVB index for weak
hydrogen bonds is positive, while for relatively strong hydrogen bonds, it is typically
negative, and it decreases as the strength of the interaction increases [62]. The CVB indices
suggest that the menthol-eugenol pair has the strongest hydrogen bond, with the most
negative CVB value (—0.050), indicating a more localized electron distribution. In contrast,
the other pairs exhibited weaker hydrogen bonds, as indicated by their positive CVB values.
This result corroborated with the RDF result from the molecular dynamics simulations.

Table 5. The QTAIM analysis of (3, —1) (BCPs) in the hydrogen bonds (O-H---O) of the NADES
system (HBA-HBD 1:1), topological properties, including (pe) and (V2pe) at each BCP. (CVB) index
is provided for each hydrogen bond.

NADES (pe) (a.u.) (V2pe) (a.u.) CVB
Camphor_Thymol 0.023 0.078 0.031
Eugenol_Camphor 0.027 0.086 0.009

Eugenol_Thymol 0.026 0.082 0.015
Thymol_Menthol 0.023 0.074 0.010
Menthol_Eugenol 0.039 0.117 —0.051

Non-covalent interaction (NCI) analysis and interaction region indicator (IRI) analysis
were used to further investigate the intermolecular interactions in the generated NADESs.
The NCI method, also known as the reduced density gradient (RDG) method, is a powerful
tool for studying weak interactions and is closely related to AIM topology analysis, as
both provide insights into interatomic interactions within a chemical system [37,62,63].
The NCI and IRI analyses of the HBA-HBD pairs confirm the presence of hydrogen
bonds in the O(HBA)-OH(HBD) regions. Scatter plots of the reduced density gradient
(RDG) vs. electron density (p) reveal that strongly attractive interactions (e.g., hydrogen
bonds) appear in the blue region (high p), weak van der Waals interactions in the green
region (low p), and repulsive steric clashes in the red region (high p) [63]. A greater blue
intensity signifies stronger hydrogen bonding or electrostatic effects in specific regions.
To clearly visualize the correlation between RDG isosurfaces and spikes, 2D scatter plots
were generated using corresponding colors. The RDG vs. electron density (p) plots for
the NADES systems revealed multiple spikes in the low-density, low-gradient regions,
indicating the presence of non-covalent interactions (NCls) (Figure 7). Among the NADES
systems, the menthol-eugenol mixture exhibited the highest number of spikes in the
blue region, suggesting stronger hydrogen bonding interactions compared to the other
NADESs. This observation aligns with the results of the CVB index, further supporting the
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enhanced hydrogen bonding capability of the menthol-eugenol system. These findings
were based on analyzing interaction spots along interatomic lines, with additional spots in
the HBA-HBD regions linked to van der Waals-like interactions, which contribute to the
stability of the interacting pairs as observed from NCI and IRI analyses. While the B3LYP/6-
31G(d) methodology employed in this study provides valuable insights into hydrogen
bonding interactions within NADES systems, we acknowledge two key limitations; (1) the
absence of diffuse and higher polarization functions in the basis set may affect the accuracy
of hydrogen bond energetics, particularly for weaker interactions, and (2) the lack of
explicit dispersion correction in standard B3LYP could influence the description of non-
covalent interactions. Our methodological choices reflect a deliberate trade-off between
computational cost and accuracy, appropriate for our focus on comparative trends across
similar systems. Future studies requiring precise quantitative agreement with experiment
may benefit from employing larger basis sets (e.g., 6-311++G(d,p)) and modern, dispersion-
corrected functionals (e.g., wB97X-D or B3LYP-D3).

3.3.2. Molecular Dynamics Simulations of the NADESs
Mean Square Displacement (MSD) and Diffusion Coefficient

To achieve a deeper understanding of the NADESs’ microstructure and address the
molecular interactions responsible for their formation, MD simulations were performed
on the mixtures of pure components with a molar ratio of 1:1, at 298.15 K. In order to
determine how freely molecules move within the mixture, which provides insights into the
viscosity, stability, and dynamic behavior of NADES, the mean square displacement (MSD)
was calculated. The MSD measures how far a particle travels from its starting point over
time [64]. The MSD which can effectively represent how much space a particle explores as
it follows its unpredictable path can be calculated using the following equation [65]:

2 1 2
MSD = ((r—10)*) = 2 ((ra(t) = ra(0)) )
n
where the pointed brackets denote the overall average value, N denotes the number of par-
ticles, rn(0) denotes the initial position of the particles, and r(t) denotes the position of the
particles at time t. The diffusion coefficient can also be calculated by the following equation:
1d

D= 3 aMSD 3)

The results obtained from the MSD analysis confirmed normal diffusion behavior across
all NADES systems, which is shown by linear MSD increases with simulation time
(Figure 8B). Significant mobility variations were observed among the five formulations,
with diffusion coefficients following the order: menthol_eugenol > thymol_eugenol > cam-
phor_eugenol > menthol_thymol > camphor_thymol (Figure 8C). The menthol_eugenol
system demonstrated superior molecular mobility (MSD reaching 4.98 nm? at 500 ps;
D =9.7 x 10~* m?/s), while camphor_thymol exhibited the lowest mobility (MSD plateau-
ing at 2.86 nm? at 500 ps; D = 6.14 x 10~* m?/s). These findings highlight the critical role of
hydrogen bond donor-acceptor (HBD-HBA) pairing in governing transport properties in
NADES formulations [66]. The thymol_menthol system exhibited interesting biphasic be-
havior, with MSD initially rising sharply before being surpassed by camphor_eugenol and
thymol_eugenol systems. This pattern reveals a competition between short-term hydrogen
bond dissociation processes and long-term steric hindrances imposed by thymol’s bulkier
aromatic ring structure. Molecular mobility constraints appear to originate from multi-
ple structural features [67]. Thymol’s methyl group sterically hinders bond reformation,
while camphor’s rigid bicyclic framework restricts conformational flexibility [68]. These
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structural factors stabilize transient molecular clusters that impede long-range motion.
In systems containing eugenol, the hydroxyl group enables transient hydrogen bond-
ing, while its extended conjugated system likely contributes to localized 7— interactions
that further modulate diffusion behavior. Despite eugenol’s hydrogen bond lability, cam-
phor_eugenol demonstrates lower mobility due to camphor’s rigid framework limiting
overall system flexibility.

Radial Distribution Functions (RDFs)

The fluid structuring was characterized through radial distribution functions (RDFs)
for relevant hydrogen bonding sites. RDFs also known as pair correlation functions, quan-
tify the probability of finding specific atom pairs at particular radial distances in molecular
dynamics simulations. The RDF, denoted as g(r), precisely measures the likelihood of
locating an atom pair within a defined range of radial distance. This function serves as a
fundamental tool for analyzing molecular organization and intermolecular interactions in
simulated systems, providing critical insights into local structural ordering and the spatial
distribution of molecules relative to one another. The normalized RDF for atom pairs i and
j is mathematically defined within a spherical shell of radius r and thickness dr [65].

j(r)/4m?
8ij(0) = $1(5,i(r) /)

(4)

where g;;(r) is the number of occurrences of atom pairs between r and r + dr.

In natural deep eutectic solvent, the RDF profiles for O-H interactions systems provide
critical insights into their structural organization by analyzing oxygen—hydrogen atom
distribution patterns. According to established principles, RDF peaks occurring at dis-
tances 2 A and 3 A presumably refer to the intermolecular hydrogen-bonding forces for
the relatively simple systems. Conversely, peaks at distances > 3.5 A reflect non-bonded
interactions such as electrostatic and van der Waals forces, which constitute weaker, longer-
range interactions [65,69]. The values of RDFs analysis, g(r), obtained after evaluating
the molecular dynamics simulation data are displayed in Figure 8A. The RDF profiles
for O-H interactions revealed striking differences in hydrogen bonding behavior across
the NADES systems. Menthol_eugenol, which demonstrated the highest diffusion co-
efficient, also exhibited a tall, sharp RDF peak centered at approximately 2.5-3 A. This
feature indicates strong, directional O-H---O hydrogen bonds. The narrow width of this
peak suggests a homogeneous, dynamic hydrogen bond network characterized by rapid
bond breaking and reforming, facilitating efficient molecular rearrangements. This struc-
tured fluidity effectively balances local cohesion with global mobility, resembling behavior
observed in ionic liquids with labile ion pairs [70]. In contrast, systems including cam-
phor_eugenol, camphor_thymol, and menthol_thymol displayed weaker intensity, but
broader RDF peaks spanning 2-3 A, indicating weaker or more heterogeneous interactions.
The weak intensity for similar types of NADESs was also observed by Fan et al., (2021).
Camphor-based systems exhibited broader peaks which may be due to steric constraints
imposed by camphor’s rigid bicyclic structure, which inhibits optimal hydrogen bonding
configurations [71]. Thymol-containing systems showed transient hydrogen bonds that
may dissociate less efficiently than those in the menthol_eugenol system. The weak RDF
peaks observed in menthol_thymol highlight how thymol’s methyl group may introduce
steric bulk that hinders molecular reconfiguration and bond reformation [41]. The superior
diffusion and dynamic hydrogen bonding in the menthol-eugenol NADES make it ideal
for rapid, efficient extraction of bioactive compounds, while systems like camphor—thymol,
with slower diffusion but stable interactions, may better preserve heat-sensitive or labile
molecules during prolonged extraction processes.
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Figure 7. (a—e) Plots of the RDG vs. sign(Ay)p, (f—j) the gradient isosurfaces; IRI (left), and RDG
(right) for the different NADESs.
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Figure 8. Molecular dynamics analysis of the simulated NADESs showing (a) atom-atom radial
distribution functions (RDFs), (b) mean square displacement, and (c) diffusion coefficient components
of the different natural deep eutectic solvents at 1 bar and 298 K.

3.3.3. Molecular Docking Approach: Allergen Repressing Potential of the
Bioactive Compounds

Pollen allergies represent a significant global health concern, with Japanese cedar
(Cryptomeria japonica) pollen allergen Cry j 1 and short ragweed (Ambrosia artemisiifo-
lia) pollen allergen Amb a 1 being major contributors to seasonal allergic rhinitis. These
proteins enter the respiratory system through inhalation and initiate a complex immune
cascade. Upon exposure, they bind to specific IgE antibodies on mast cells, triggering
degranulation and release of inflammatory mediators, ultimately leading to characteristic
allergic symptoms [72-74]. The molecular basis of their allergenicity lies in their protein
structure and surface epitopes, which are crucial for immune recognition and subsequent
inflammatory response such as nasal congestion, sneezing, and itching [75]. Essential oils
and plant extracts have been studied for their potential in mitigating allergenicity. Certain
compounds found in essential oils exhibit anti-inflammatory and immunomodulatory
properties that can suppress allergic reactions. Notably, Lin et al. [7] demonstrated that
Todomatsu oil (Abies sachalinensis) effectively reduces pollen allergenicity through multiple
mechanisms, including direct protein interaction and inflammatory pathway modula-
tion. Similarly, Hiba wood (Thujopsis dolabrata) extracts have shown allergen-suppressing
properties, through their ability to inhibit mast cell degranulation and IL-4 secretion in
IgE-sensitized RBL-2H3 cells [6,76], though research in this area remains exploratory. The
molecular docking analysis of natural compounds against the major pollen allergens Amb
a 1 (AlphaFold DB: E1XUMO) (ragweed) and Cry j 1 (AlphaFold DB: P18632) (Japanese
cedar) provides critical insights into their potential as inhibitors for allergen repression.
Using AutoDock Vina in PyRx software version 0.8. for blind docking, the study evaluated
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binding affinities (AG), inhibition constants (IC), and residue-level interactions, revealing
distinct binding profiles for the two allergens. Binding energies and inhibition constants
were calculated following established protocol [65]. The molecular docking results pre-
sented on Table 6 and Figure 9 revealed significant variations in binding energies (Amb
alAG: —4.5to —7.4 kcal/mol, and Cry j 1 AG: —4.8 to —8.6 kcal/mol) across the tested
compounds. The docking results indicated that 4,5-Alpha-Epoxy-3-Methoxy-17-Methyl-7-
Alpha-(4-Phenyl-1,3-Butadienyl)-6-Beta,7-Beta-(Oxymethylene)Morphinan exhibited the
highest binding energy with Cry j 1 (—8.60 kcal/mol) and Amb a 1 (—7.40 kcal/mol). This
suggests a strong affinity for the allergenic proteins, potentially interfering with their ability
to induce allergic responses. Other compounds with comparable binding energies include
Pregn-20-en-3-0l,20-methyl-,(33,5«)- with binding energies of —7.90 kcal/mol (Cry j 1)
and —6.60 kcal/mol (Amb a 1). Lanosta-7,9(11)-diene-3,18,20-triol binding energies of
—7.1 kcal/mol (Cry j 1), and —6.90 kcal/mol (Amb a 1), Deoxycaesaldekarin C and other
compounds had moderate binding energies. Although Cry j 1 and Amb a 1 belong to
the same allergen family, their binding sites show distinct characteristics. The Amb a 1
binding pocket demonstrates a higher proportion of polar residues capable of forming
hydrogen bonds, while the Cry j 1 binding site shows a more balanced distribution of
polar and hydrophobic regions. This difference is reflected in the interaction patterns of
the compounds, with more diverse hydrogen bonding networks observed in Amb a 1
complexes (Supplementary Figures S2 and S3) The binding interactions showed distinct
patterns for each allergen. For Cry j 1, the morphinan compound formed strong hydrogen
bonds with THR320 and carbon hydrogen bonds with GLY339 and GLY338, supplemented
by a 7-cation interaction with LYS335 (Figure 10B). These interactions occur within a bind-
ing pocket characterized by both polar and hydrophobic regions, allowing for optimal
ligand accommodation. The binding site’s mixed character enables both hydrogen bonding
networks and hydrophobic contacts, contributing to the compound’s high affinity. Amb a1,
on the other hand, had interactions with the compound forming key hydrogen bonds with
ASP194 and GLN192, while establishing 7-alkyl interactions with TRP225 and ALA248
(Figure 10A). This binding profile suggests that Amb a 1’s binding site also favors com-
pounds capable of forming diverse interaction types, particularly those that can balance
polar and hydrophobic contacts.
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Table 6. The binding interaction and amino acid residue analysis of the docking between the components of the extract and the receptor proteins.

Ambal Cryj1 Ambal Cryj1 . . . . N . .
s/n Compound Structure Pub Chem ID (B.E) keal/mol (B.E) kcal/mol IC (um) .O) um Cry j 1 Bonding: Interaction Site  Amb a 1 Bonding: Interaction Site
ALK: LEU 283
s HB: ALA 368, LYS 77, ALA 7
Pregn-20-en-3-ol,20- ¥ VDW: GLN 318, TYR 336, ILE $Dw~ GLY ;’Zgéws%é PHE 7?
1 & thylo (3,500 7~ 22296144 —6.6 —-7.9 14.44 1.61 341, HIS 260, ASN 340, TYR 342, GLY 229, THR 228, SER 204
methyl-ob % ALA 347, PHE 348, GLU 285, " ASP 20 ’
THR 320
CVB: THR 320, SER 284, TYR 336 ~pyp. Aqp 194, HIS 191, GLU 131
CHB: GLU 285
. 7-S: TRP 225, MET 157
3-Phenylpropionic 7-T: TYR 336 rere-T: HIS 199
2 acid 5-methoxy-2-[34- 628993 —56 —6.6 78.18 14.44 ALK/m-ALKLYS 335, LEU 283, o, e % e a0
dimethoxyphenyl]- ILE 341, TYR 342
VDW: ASN 340 CIN 318 Gl VDW: ASN 224, THR 201, ASP 196,
285, SER 319 GLY 195, THR 155, SER 193
CHB: GLY 339, GLY 338
4,5-Alpha-Epoxy-3- f‘éifg;%% CHB: ASP 194, GLN 192, THR 201
Methoxy-17-Methyl-7- ‘ ALK /rALK: 1LE 341, VAL 350 n-ALK: TRP 225, ALA 248
3 Alpha-(4-Phenyl-1,3- - 7.4 —8.6 3.74 0.49 HIS 260 ’ n-CAT: MET 157
(}élfadljglyll)e-g-e};ﬁgf-}ie;:; VDW: THR 342, PHE 348, GLy  VDW:HIS 19111,115—1;? 3199, ASN 224,
ymethy p 285, LEU 283, GLN 318, TYR 336,
ASN 340
CVB: ILE 341, TYR 342 CVB: THR 201
7,9-di-tert-butyl-1- ALK: LEU 283 n-ALK: ALA 248, TRP 225
4 oxaspiro[4,5]deca-6,9- 545303 -5.9 —6.0 47.10 39.79 VDW: HIS 260, GLU 285, THR ~ VDW: ASN 158, MET 157, HIS 199,
diene-2,8-dione 320, ASN 340, GLY 339, GLY 338,  ASN 224, ASP 218, ASP 194, ASP
TYR 336 196, LEU 245
CVB: GLU 285
CHB: PHE 348
9.0-Pivalovl.N. m--T: HIS 260, VAL 350, ILE 341, CVB: THR 201
5 et lcvolcﬁ’inol 634928 —6.0 7.0 39.79 7.35 LEU 283 m-m: TRP 225
Y VDW: TYR 342, ASN 340, TYR 7-ALK: ALA 248
336, GLN 318, LYS 335, GLN 321,
THR 320
CVB: THR 320, TYR 342 ALK: ALA 78, LYS 77, ALA 368
ALK/m-ALK: ALA 347, LEU 283, 7-AN: ASP 205
6 Deoxycaesaldekarin C 572829 —6.5 ~-7.0 17.10 7.35 ILE 341 VDW: GLY 74, GLY 369, THR 228,

VDW: GLU 285, GLN 318, TYR
336, ASN 340

HIS 259, GLY 229, PHE 75,
GLU 365
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Table 6. Cont.

Pub Chem ID

1y )
(B.E) kcal/mol (B.E) kcal/mol

Cry j 1 Bonding: Interaction Site

Amb a 1 Bonding: Interaction Site

s/n Compound Structure
Ethyl (2E,6E,10E)-3,7,11,15- ok 1
7 tetramethylhexadeca- R
2,6,10,14-tetraenoate P \

CVB: LYS 132, GLN 169
ALK/m-ALK: HIS 167, PHE 130,
VAL 134, PHE 161, ALA 108, ILE

157, ARG 133
VDW: ASN 158, GLU 164, PRO
165, TYR 106, VAL 166, ARG 177

CHB: LYS 77, GLN 309
n-ALK: ALA 78, PHE 75, LEU 362,
ARG 341, PRO 360
VDW: GLY 74, ALA 368, GLU 365,
GLY 228, ASP 204, HIS 80

Hexadecanoic acid,

CVB: ILE 341, TYR 342
ALK/m-ALK: LEU 283, TYR 336
VDW: LEU 283, TYR 336

CVB: GLN 309 (ester and OH)
ALK: LEU 362, LEU 307, PRO 360,

8 1-(hydroxymethyl)-1,2- ARG 341
ethanediyl %]&I;{I gég’ éli? ;,;197’13\]; ,3458 ! VDW: GLN 284, ALA 373, MET
GLN 285 PHiE 348 ! 371, GLN 372, MET 370, ASP 359
Sgg 1;,%% E;i% CHB: SER 204
{ : ALK: LYS 257
. . ALK/m-ALK: LEU 283, TYR 336 .
9 Lanosta-7,9(11)-diene- DIOE, VDW: GLN 318, SER 284, GLU AC-AC: ASP 205

3,18,20-triol

285, THR 320, GLY 338, ILE 341,
GLY 339, ASN 340, TYR 342,
ASN 349, ALA 347

VDW: HIS 259, GLU 365, THR 228,
GLY 229, PHE 75, ALA 78, GLY
369, ALA 368

. CVB: ILE 341 )
" ALK/7-ALK: LEU 283, ILE 341 CHB: GLN 309, LEU 362
10 Methyl I 7-HB: THR 320 n—ALK?IfI;E}E?}il3()I’7RO 360
1-anthraquinonesulfenate ) DD VDW: GLN 318, SER 284, HIS | g
A AN A VDW: ASP 359, GLN 343, MET 370,
' 260, GLU 285, TYR 342, ASN 340,
GLY 339, TYR 336 ASN 367, VAL 361
CVB: GLU 285, VAL 350
CHB: HIS 260
W VDW: ASN 340, GLY 339, TYR i‘{i‘ /al_{lelf?M‘stPll;l’THRls 212959

11 Monostearin ‘ 342, GLN 321, GLN 318, THR . ‘

\r»'\@‘«\

320, ASN 349
ALK/7-ALK: ILE 341, LEU 283,
TYR 336

VDW: GLY 195, GLY 369, GLU 365,
THR 228
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Table 6. Cont.

Ambal Cryj1l Ambal Cryj1l . L . . . . .
s/n Compound Structure Pub Chem ID (B.E) keal/mol (B.E) kcal/mol IC (um) .O) um Cry j 1 Bonding: Interaction Site  Amb a 1 Bonding: Interaction Site
Ny 7-CAT: LYS 132 CHB: ASP 205
) VDW: ARG 133, GLU 164 7-ALK: ALA 78, ALA 368, PHE 75,
12 Skatole . Vam 6736 —45 53 500.95 129.74 7-S: ILE 157 HIS 259
) &l Y 7-n-T: PHE 161 VDW: GLY 369, GLY 229, THR 228,
{ ALK/7m-ALK: VAL 166, TYR 106 GLU 365
Y K ALK/m-ALK: TYR 336, LEU 283, 1 .1 (5 307, PRO 360, MET 370,
P Dy ILE 341, TYR 342, ALA 347 LEU 362, ARG 341, ALA 373
13 Squalene I 2 638072 —47 5.8 357.37 55.77 VDW: GLN 318, GLY 339, THR ’ ‘

VDW: MET 371, GLN 372, GLN

pe 320, PHE 348, VAL 350, ASN 340, 309 ASP 359 GLN 343

! GLU 285, HIS 260

Alkyl: ALK, m-cation: m-CAT, m-alkyl: -ALK, m-anion: 7-AN, Conventional Hydrogen Bond: CVB, Carbon Hydrogen Bond: CHB, nt-donor- Hydrogen Bond: 7-HB7t-r--T-shaped: m-7t-T,
m-sigma: 71-S, -7 stacked: -7, Van Der Waals: VDW, Unfavorable Acceptor-Acceptor: AC-AC, Unfavorable Donor-Donor: UDD.
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Figure 9. Inhibitory potency of NADES extract components toward (a) Cryj 1 and (b) Amb a 1. (left)
Binding energy (B.E.) of docking and inhibition constant of each extracted component to the allergens
and (right) their regression analysis.
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Figure 10. 2D and 3D visualization of the interaction between Methyl-7-Alpha-(4-Phenyl-1,3-
Butadienyl)-6-Beta,7-Beta-(Oxymethylene) Morphinan and allergen protein: (a) Amb a 1, (b) Crj
i1

The inhibition constant is the concentration required to produce half maximum in-
hibition [65], and therefore, the lower the constants, the higher the inhibition, the results
are also presented in Figure 9 and Table 6. The inhibition constants (ICuM) for Cry j 1
(0.49-500.95) uM and Amb a 1 (3.74-301.84) uM were inversely correlated with binding
energy, indicating that stronger binders had lower inhibition constants. The inhibition
constants further supported the findings, with the morphinan compound showing par-
ticularly low values (Cry j 1: 0.49 uM; Amb a 1: 3.74 uM). These values indicate strong
binding affinity and suggest potential therapeutic relevance. Other compounds showing
promising inhibition constants included Pregn-20-en-3-ol,20-methyl-,(33,5x)- and Lanosta-
7,9(11)-diene-3,18,20-triol, although their values were notably higher than the morphinan
compound. The regression analysis provided valuable insights into the structure-activity
relationships. Amb a 1 showed a stronger correlation between binding energy and inhibi-
tion constant (R? = 0.77794) compared to Cry j 1 (R? = 0.62811), suggesting more predictable
binding behavior. This difference likely reflects the distinct architectures of their binding
sites, with Amb a 1 showing more consistent structure-activity relationships. From a medic-
inal theoretical standpoint, the interaction between of the compounds with the allergens
can be described as follows. The morphinan derivative had strong inhibition of Cry j 1 (IC:
0.49 uM) versus Amb a 1 (IC: 3.74 uM) reflecting Cry j 1’s compatibility with polycyclic
alkaloids, a class known to modulate histamine receptors [77]. The pregnane structure in
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Pregn-20-en-3-ol,20-methyl-,(33,5x)- may enhance Glucocorticoid-like effects in the com-
pound and which we suggest it could help stabilize mast cells, which would reduce the
release of histamine and other inflammatory mediators during allergic reactions [78]. These
findings align with prior studies emphasizing Cry j 1’s broader ligand adaptability due to its
flexible 3-helix fold, which accommodates diverse hydrophobic moieties [79]. Some other
top-performing compounds also exhibit promising medicinal relevance. Lanosta-7,9(11)-
diene-3,18,20-triol, a lanostane-type triterpenoid, can suppress mast cell degranulation
and Th2 cytokine release, mechanisms central to allergic inflammation [80]. Its interaction
with SER 204 and LYS 257 in Amb a 1 suggests potential disruption of IgE epitopes, crit-
ical for allergen recognition. Although, the study’s limitations include reliance on static
docking without dynamic stability assessments. Future work should integrate molecu-
lar dynamics simulations to validate binding poses and explore entropy contributions.
Nevertheless, the current data position 4,5-Alpha-Epoxy-3-Methoxy-17-Methyl-7-Alpha-
(4-Phenyl-1,3-Butadienyl)-6-Beta,7-Beta-(Oxymethylene)Morphinan, Pregn-20-en-3-o0l,20-
methyl-,(33,5x)-, and Lanosta-7,9(11)-diene-3,18,20-triol as lead candidates for in vitro
and in vivo testing. Their dual action (blocking allergen epitopes and leveraging anti-
inflammatory properties) could pave the way for multi-target therapies against pollen-
induced allergies.

4. Conclusions

In this study, hydrophobic NADESs were formulated using four terpene-related
components (camphor, eugenol, menthol, and thymol) in a 1:1 molar ratio. These NADESs
were characterized through both experimental and simulation methods and applied as
solvents for extracting bioactive compounds from Hiba wood biomass. Molecular docking
analysis further evaluated the allergen-repressing potential of the extracted compounds.
The findings demonstrated that the NADESs are stable for essential oil extraction, with
intermolecular hydrogen bonding playing a key role in their formation, particularly in the
menthol-eugenol NADES, which exhibited the strongest hydrogen bonding. The selective
extraction process highlighted the NADES’ ability to target specific bioactive compounds,
and molecular docking suggested that 4,5-Alpha-Epoxy-3-Methoxy-17-Methyl-7-Alpha-
(4-Phenyl-1,3-Butadienyl)-6-Beta,7-Beta-(Oxymethylene)Morphinan could be a promising
lead compound for allergen inhibition. Future research should explore the efficacy of these
bioactive compounds in allergy repression through in vitro and in vivo studies.
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Table S1: GC-MS result of camphor—eugenol extract; Table S2: GC-MS result of camphor—thymol
extract; Table S3: GC-MS result of menthol-eugenol extract; Table S4: GC-MS result of menthol-
thymol extract; Table S5: GC-MS result of thymol-eugenol extract; Table S6. GC-MS peak area (%) of
essential oil compounds extracted using different NADES systems.
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