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Abstract: A new set of alkoxy alcohols were synthesised by reaction of eugenol oxirane with ali-
phatic and aromatic alcohols. These eugenol derivatives were evaluated against their effect upon 
the viability of the insect cell line Sf9 (Spodoptera frugiperda). The most promising compounds, 4-(3-
(tert-butoxy)-2-hydroxypropyl)-2-methoxyphenol and 4-(2-((4-fluorobenzyl)oxy)-3-hydroxypro-
pyl)-2-methoxyphenol were submitted to in silico assays to predict possible targets. Throught an 
Inverted Virtual Screening approach, 23 common pesticide targets were screened and the top 2 tar-
gets predicted were further analyzed through molecular dynamics simulations and free energy cal-
culations. In addition, these eugenol derivatives were subjected to encapsulation and release assays 
using liposome-based nanosystems of egg  phosphatidylcholine/cholesterol (7:3), with encapsula-
tion efficiencies higher than 90% and release profiles well described by both Korsmeyer-Peppas and 
Weibull models. 
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1. Introduction 
Food production and human health are greatly affected by insects. One way to con-

trol pests is the resource to synthetic insecticides. Despite being used frequently, the inap-
propriate utilization of these compounds is related to the development of resistance to 
pests, human diseases and contamination of food and environment. Consequently, the 
biological action of natural products with insecticidal activity is a very important alterna-
tive that allows the management, in an environmental-friendly way, the action of insects 
and pests, without affecting people’s health [1-3]. There has been a growing interest in 
studying and evaluating the action of botanical insecticides for pest management due to 
insect resistance to the traditional insecticides [2-4].  

Essential oils (EOs), a complex natural mixtures of secondary plant metabolites, have 
interesting insecticidal biological properties, being effective against several diseases or 
pests, frequently with low to none negative impact to the environment and non-targeted 
organisms [5,6]. They present a broad spectrum of activity against insect pests and plant 
pathogenic fungi, including insecticidal, antifeedant, repellent, oviposition deterrent, 
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growth regulatory, and antivector activities [7-9]. Some examples of compounds found in 
EOs with insecticidal activity are linalool, thymol, eugenol, α-terpineol, carvacrol, limo-
nene, α-pinene, citronellol, geraniol, citral and 1,8-cineole [3, 10,11].  

Eugenol is the major component of Syzygium aromaticum (clove) oil (70-90%). The bi-
ological properties associated with eugenol are highly varied [12], including promising 
antimicrobial, antioxidant and insecticide properties [13].  

The broad spectrum of biological activity makes eugenol, 4-allyl-2-methoxy phenol, 
a target molecule for structural modifications to produce compounds with higher biolog-
ical activity [14]. Structural modifications from 4-allyl-2-methoxy phenol can be carried 
out on the hydroxyl group and the double bond [15], and some of the derivatives were 
reported as new potential botanical insecticides [16], being effective on a wide variety of 
domestic arthropod pests [14,17]. Several studies have demonstrated that a structural 
modification of some EOs’ constituents can increase the biocidal effect of these phyto-
chemicals, increasing their insecticidal activity [18,19].  

Eugenol epoxide can be an important intermediate to produce eugenol derivatives. 
With the ring-opening reaction of eugenol epoxide with nucleophiles like alcohols, it is 
possible to synthetize β-alkoxy alcohols, which have tremendous applications as interme-
diates in pharmaceuticals. The versatility of β-alkoxy alcohols allow them to participate 
in the synthesis of many organic compounds, in making a wide range of unnatural amino 
acids, biologically active and synthetic [20-21].  

The synthesis of β-alkoxy alcohol is one of the important reactions due to its wider 
application in the synthesis of potent insecticidal penifulvins bicyclic backbones and for 
the direct synthesis of α-alkoxy ketones [22-23]. β-Amino alcohols are important organic 
compounds of considerable use in medicinal chemistry, amino acids, and chiral auxiliaries 
[24].  

Taking these facts into consideration and our ongoing research [25-26] where some 
eugenol derivatives revealed high potential as semi-synthetic pesticides, in the present 
work a completely new series of eugenol alkoxy alcohols derivatives were obtained, and 
their insecticidal activity evaluated against the Sf9 (Spodoptera frugiperda) insect cell line. 

Considering its insecticidal activity, the most promising compounds, 4-(3-(tert-
butoxy)-2-hydroxypropyl)-2-methoxyphenol and 4-(2-((4-fluorobenzyl)oxy)-3-hydroxy-
propyl)-2-methoxyphenol, were submitted to in silico assays to predict possible targets. 
Throught an Inverted Virtual Screening approach, 23 common pesticide targets were 
screened. The top 2 targets predicted were further analyzed through molecular dynamics 
simulations and free energy calculations, to validate the docking predicitons and estimate 
binding free energies of association. 

 In addition, these to eugenol derivatives were subjected to nanoencapsulation and re-
lease studies using liposome-based nanosystems of egg-yolk phosphatidylcholine/choles-
terol (Egg-PC:Ch) (7:3). This formulation is environmentally friendly, biodegradable and 
stable in physiological conditions, with no concerns related to toxicity, even being used to 
prepare suitable models of biomembranes. 

2. Results and Discussion 

2.1. Chemistry 
 The synthesis involved in the present work started by reaction of 4-allyl-2-methoxy-

phenol 1, commonly known as eugenol, with m-chloroperoxybenzoic acid, in dichloro-
methane, to afford 2-methoxy-4-(oxiran-2-ylmethyl)phenol 2 [26]. In order to obtain a new 
set of eugenol 1 alkoxy alcohols having varied structures possessing alkyl linear or non-
linear chains of different sizes, a triple bond, phenyl rings, and halogens atoms, compound 
2 was reacted with a selected series of aliphatic and aromatic alcohols, in the presence of 
a Lewis acid. 

 Thus, under nitrogen atmosphere, at low temperature, using boron trifluoride di-
ethyl etherate, 2-methoxy-4-(oxiran-2-ylmethyl)phenol 2 was reacted with methanol, 
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ethanol, tert-butanol, phenol, 3-butyn-2-ol, 3-bromopropan-1-ol or 4-fluorobenzyl alcohol, 
to give the corresponding eugenol alkoxy alcohols derivatives, namely 4-(2-hydroxy-3-
methoxypropyl)-2-methoxyphenol 3a, 4-(3-ethoxy-2-hydroxypropyl)-2-methoxyphenol 
3b, 4-(3-(tert-butoxy)-2-hydroxypropyl)-2-methoxyphenol 3c, 4-(2-hydroxy-3-phenoxy-
propyl)-2-methoxyphenol 3d, 4-(2-(but-3-yn-2-yloxy)-3-hydroxypropyl)-2-methoxyphe-
nol 3e, 4-(2-(3-bromopropoxy)-3-hydroxypropyl)-2-methoxyphenol 3f and 4-(2-((4-
fluorobenzyl)oxy)-3-hydroxypropyl)-2-methoxyphenol 3g, respectively (Scheme 1). 
These compounds were obtained as oils or a solid material (3b) in 8 to 68% yields, and 
were fully characterized by IR, 1H and 13C NMR spectroscopy and HRMS. The 1H NMR 
spectra suggest that the oxirane ring opening reaction with the first four alcohols occurred 
by nucleophilic attack on the less substituted carbon (primary carbon), probably via the 
SN2 mechanism with the loss of a leaving group (ring-opening) to occur at the same time, 
resulting in compounds 3a-d. On the other hand, in the remaining three alcohols, the nu-
cleophilic attack seems to occur at the most substituted carbon (secondary carbon) of the 
oxirane, which is consistent with the SN1 mechanism, resulting in compounds 3e-g. In the 
1H NMR spectra stand out the presence of the signals of protons CHOH as multiplets (δ 
4.55– 3.89 ppm) for compounds 3a-d, while for compounds 3e-g are visible the signals of 
protons CHO to lower deviations also as multiplets (δ 3.88–3.42 ppm). The presence of 
signals of the methylene group directly attached to the terminal OH appeared as multi-
plets (δ 3.73–3.42 ppm) for compounds 3e-g. 
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Scheme 1. Synthesis of compounds 3a-g. 
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In the 13C NMR spectra, the confirmation of epoxide opening was verified by the 
presence of different signals for CHOH or CHO groups emerging for compounds 3a-d (δ 
79.63-71.37 ppm) and 3e-g (δ 81.62-80.33 ppm), respectively, and methylene carbons of 
CH2OH group (δ 64.54 – 63.67 ppm) for compounds 3e-g. 

In addition, for compounds 3a-g, the 1H and 13C NMR spectra also showed the dif-
ferent characteristic signals for the aromatic protons (δ 7.32-6.70 ppm) and carbons (δ 
146.46-111.30 ppm), respectively. The IR spectra of compounds 3a-g displayed stretching 
bands characteristics of the hydroxyl groups between 3381 and 3425 cm-1. 

2.2. Biological evaluation of alkoxy alcohols 3a-g 
The study of the insecticidal activity of the synthesized compounds 3a-g was carried 

out in two-dimensional (2D) cultures of Sf9 cells, which are derived from ovary cells of 
Spodoptera frugiperda. For comparison purposes, all the molecules were tested at the same 
concentration (100 µg/mL) (Figure 1). Compounds 3e and 3f, containing a substituted hy-
droxyl group in the side chain, displayed low toxicity towards Sf9 cells causing ca. 20% 
viability loss, similar to the starting materials, eugenol 1 and eugenol epoxide 2. On the 
other hand, the reaction of eugenol epoxide 2 with methanol, ethanol and phenol afforded 
three β-alkoxy alcohols completely devoid of toxicity (3a, 3b, and 3d respectively). Among 
all eugenol-derived alkoxy alcohols synthesized (3a-g), 3c and 3g showed increased tox-
icity, when compared with 1 and 2 (Figure 1). Compound 3c, whose structure includes a 
non-linear alkyl chain with three terminal methyl groups, was the second most active 
molecule, causing ca. 25% viability loss. Remarkably, compound 3g, whose structure in-
cludes a group of methanol derivative in which one of the H atoms of the methyl group 
was replaced by fluorophenyl, was the most active, eliciting ca. 40% viability loss. Note-
worthy, both molecules (3c and 3g) presented equal or even higher toxicity than the com-
mercial insecticide, chlorpyrifos (CHPY) [26], being selected therefore for nanoencapsula-
tion studies. 

  
Figure 1. Viability of the Sf9 cells after incubation with the presented molecules (100 µg/mL), or 
medium (control). Cells were incubated for 24 h, after which viability was evaluated. *** p < 0.001. 

2.3. Inverted virtual screening results 
Depicted in Table 1 are the average scores obtained for compounds 3c and 3g in com-

plex with the list of possible targets, for each scoring function studied. The different scor-
ing functions are based on different metrics and scales, hence, the difference in the range 
of values. The GOLD scoring functions are dimensionless and the interpretation of the 
score is the following: a more positive value signifies a better binding affinity. AutoDock 
Vina, on the other hand, uses a system of measurement that is a more real approximation 
of the binding free energy, indicating that a more negative score signifies better affinity.  
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The predictions of all the different SF were ranked from best to worst and the PDB 
structure that presented the best score was selected as potential target. Considering the 
results obtained, compounds 3c and 3g showed increased affinity toward odorant binding 
protein 1 (OBP) and acetylcholinesterase (AChE). The same tendency was observed 
throughout all the SF tested.  

Table 1. Average scores of the amino alcohol derivatives of eugenol 3c and 3g obtained for all PDB 
structures with the five different scoring functions and overall ranking of the most likely protein 
targets for interaction. 

Target PDB PLP ASP ChemScore GoldScore Vina Overall 
ranking  

Acetylcholinesterase 
1QON 84.71 55.80 36.09 64.74 -8.25 

2 1DX4 77.59 48.44 36.94 60.38 -7.90 
4EY6 73.84 46.51 37.30 59.93 -7.95 

Alpha-esterase-7 
5TYJ 65.77 41.39 29.66 56.57 -7.15 

7 
5TYP 66.55 37.93 31.37 56.31 -7.20 

Beta-N-acetyl-D-
hexosaminidase OfHex1 

3OZP 66.98 49.25 27.99 63.57 -6.95 
3 

3NSN 73.67 53.49 31.44 66.46 -6.60 

Chitinases 
3WQV 71.25 45.80 31.75 59.25 -7.50 

4 
3WL1 68.22 46.81 31.17 57.50 -7.50 

Ecdysone receptor (EcR) 
1R1K 72.29 33.81 34.31 59.55 -8.25 

5 
1R20 72.29 33.88 29.47 58.25 -7.45 

N-Acetylglucosamine-1-
phosphate 

uridyltransferase (GlmU) 

2V0K 65.00 26.87 22.88 55.46 -6.60 
13 

2VD4 52.66 26.33 22.26 44.01 -5.75 

Octopamine receptor 4N7C 63.28 41.41 37.01 61.73 -6.00 8 

Odorant Binding Protein 

2GTE 71.79 41.11 35.63 65.89 -7.25 

1 
3K1E 86.48 45.86 38.87 64.12 -6.15 
5V13 86.99 48.81 38.97 61.75 -8.85 
3N7H 74.66 38.05 32.27 60.13 -6.95 

Peptide deformylase 5CY8 71.69 34.42 26.22 62.32 -7.40 6 
p-Hydroxyphenylpyruvate 

dioxygenase 6ISD 59.19 35.73 27.24 49.65 -7.05 11 

Polyphenol oxidase (PPO) 3HHS 69.69 37.78 31.18 58.79 -6.20 9 
Sterol carrier protein-2 

(HaSCP-2) 4UEI 65.86 34.79 31.40 48.96 -7.30 10 

Voltage-gated sodium 
channel 

6A95 63.49 29.10 23.53 53.68 -6.75 12 

2.4. Molecular dynamics simulations and free energy calculations results 
MD simulations were performed in the protein ligand complexes to validate the IVS 

results, evaluate the flexibility and the interactions formed between compounds 3c and 3g 
with the two most probable targets predicted: OBP1 and AChE. The structure with the 
best score of these two groups was selected, 3K1E for OBP1 and 1QON for AChE. Param-
eters such as RMSD, solvent accessible surface area (SASA) and number of hydrogen 
bonds were calculated and are depicted in Table 2.  

Overall, all the complexes and ligands present a low RMSD value, indicating that the 
systems are well equilibrated and stable. The complexes formed between OBP and com-
pounds 3c and 3g show a lower RMSD than complexes formed with AChE (average of 2.1 
Å versus 3.1 - 3.5 Å, respectively - Figure S2). This may indicate that compounds cause a 
higher degree of destabilization when in complex with AChE, particularly compound 3g.  

The compounds are buried deep into the pocket of both OBP1 and AChE, with a 
percentage of Potential Ligand SASA buried values above 90% and a low ligand SASA 
(Figure S3). This indicates that compound 3c when in complex with OBP1 and AChE is 
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very protected from the solvent and well bound to the proteins, throughout the simula-
tions. Compound 3g is more exposed to the solvent when in complex with OBP1, mainly 
due to the exposure of an aromatic ring (as evidenced in Figure 2). 

Hydrogen bond analysis allows the understanding of the interactions that occur be-
tween the compounds 3c and 3g and the possible targets throughout time. Globally, these 
compounds maintain 1-3 hydrogen bonds, on average, with OBP1 and AChE. Com-
pounds 3c and 3g can form more hydrogen bonds with AChE than with OBP1, particu-
larly compound 3g (Figure S4).  

Table 2 also summarizes the values for the Gibbs binding free energy of association 
calculated using MM/GBSA and highlights the three most important amino acid residues 
involved in the stabilization of the ligands. The average structure of the dominant cluster 
of the OBP1 and AChE in complex with compounds 3c and 3g, obtained from the analysis 
of the MD trajectory are displayed in Figures 2 and 3, respectively. These figures illustrate 
the details of the binding pocket and the interaction formed between the targets and com-
pounds 3c and 3g.  

Table 2. Average protein and ligand RMSD values (Å), average ligand SASA (Å), percentage of potential ligand SASA 
buried, average number of ligand-target hydrogen bonds obtained from the MD simulations. ΔG binding energy deter-
mined using MM/GBSA and per-residue decomposition, calculated for the last 90 ns of the simulation. 

 
Average RMSD 
of the com-plex 

(Å) 

Average RMSD of 
the ligand (Å) 

 
Ligand SASA 

(Å2) 

Potential 
ligand SASA 
buried (%) 

 
Average 
number 
Hbonds 

 
ΔGbind 

(kcal/mol) 

Main contributors 
(kcal/mol) 

OBP1  

3c 2.1 ± 0.4 1.1 ± 0.2 29.4 ± 9.1 94 0.4 ± 0.5 -34.8 ± 0.1 
Ala88 (-2.0 ± 0.6) 

Trp114 (-2.7 ± 0.4) 
Tyr122 (-1.8 ± 0.4) 

3g 2.1 ± 0.2 1.0 ± 0.3 44.6 ± 10.7 91 0.7 ± 0.6 -37.0 ± 0.2 
Trp114 (-2.4 ± 0.7) 
Met91 (-2.3 ± 0.5) 
Leu76 (-1.6 ± 0.3) 

AChE 

3c 3.1 ± 0.2 1.4 ± 0.2 24.3 ± 12.3 95 0.5 ± 0.6 
 

-29.2 ± 0.2 
Trp83 (-1.5 ± 0.4) 
Tyr370 (-1.9 ± 1.1) 
His480 (-1.5 ± 0.6) 

3g 3.5 ± 0.4 1.6 ± 0.1 7.2 ± 3.8 99 1.8 ± 0.9 -47.1 ± 0.2 
 

Tyr71 (-2.4 ± 1.0) 
Ser238 (-1.9 ± 0.4) 
Ala239 (-2.1 ± 0.3) 

 
Analyzing the Gibbs binding free energy of association, compound 3c seems to have 

a higher affinity toward OBP1 (-34.8 kcal/mol vs -29.2 kcal/mol, when in complex with 
AChE). The opposite is observed for compound 3g, that exhibits a higher affinity toward 
AChE (-47.1 kcal/mol vs -37.0 kcal/mol, respectively).   

OBP1 are a class of proteins present in the olfactory system and have key roles in the 
perception and transmission of odorant molecules toward the receptors sites. They have 
been gaining increased attention as insecticidal targets in the development of eco-friendly 
repellents. They are a large family of proteins but have two common features, their small 
size and presence of six cysteine-rich residues paired with three interlocked disulfide 
bridges [27-29] There is a PDB structure of an OBP of a bee in complex with eugenol [30] 
and if these two eugenol derivatives studied, are able to maintain or show increased vol-
atility, it is highly probable that they can work as repellents.  

As seen on Figure 2, compound 3c is mainly stabilized by hydrophobic interactions 
with residues Ala88 (-2.0 ± 0.6 kcal/mol), Trp114 (-2.7 ± 0.4 kcal/mol) and Tyr122 (-1.8 ± 0.4 
kcal/mol). Tyr122 is also able to stabilize compound 3c through a hydrogen bond. Com-
pound 3g is stabilized by Trp114 (-2.4 ± 0.7 kcal/mol), Met91 (-2.3 ± 0.5 kcal/mol) and Leu76 
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(-1.6 ± 0.3 kcal/mol). Trp114 can also interact via π-π stacking the compound 3g and Ala10 
can also stabilize compound 3g through the formation of a hydrogen bond. 

 
Figure 2. Compound 3c (yellow licorice) and compound 3g (magenta licorice) interaction map with OBP1. The most im-
portant residues for the interaction are highlighted in green. Hydrogen bond interactions are represented in yellow lines. 

AChE is a very common target for insecticides because it is a key protein in the me-
tabolism of acetylcholine in many different organisms, from mammals to insects. Due to 
the extensive use of insecticides that aim this serine hydrolase, many health and environ-
mental problems arose. Moreover, insects were able to become resistant to these pesticides 
due to the mutation of the AChE gene. For these reasons, the search for new and more 
specific compounds able to block the mechanism of action of AChE is quite urgent [31-
33].  
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Figure 3. Compound 3c (yellow licorice) and compound 3g (magenta licorice) interaction map with AChE. The most im-
portant residues for the interaction are highlighted in green. Hydrogen bond interactions are represented in yellow lines. 

As seen on Figure 3, compound 3c is mainly stabilized through π-π stacking with 
Trp83 (-1.5 ± 0.4 kcal/mol), and Tyr370 (-1.9 ± 1.1 kcal/mol) and also through hydrogen 
bond formation with His480 (-1.5 ± 0.6 kcal/mol). Compound 3g is stabilized through non-
polar interactions, particularly with Tyr71 (-2.4 ± 1.0 kcal/mol), Ser238 (-1.9 ± 0.4 kcal/mol) 
and Ala239 (-2.1 ± 0.3 kcal/mol). 

To access if compounds 3c and 3g could also bind to human AChE, a docking study 
was performed with a PDB structure of a human AChE (5HFA) and the scores were ana-
lyzed. The docking scores (Table S2) were inferior to the ones obtained for insect AChE, 
through most of the SF studied, indicating that there is a higher affinity toward this AChE 
sequence. This may be a starting point in the search for more specific pesticides.  

2.5. Nanoencapsulation assays 
The most active compounds against Sf9 cells, compounds 3c and 3g, were encapsu-

lated in Egg-PC:Ch (7:3) liposomes, prepared by two methods, ethanolic injection (EI) and 
thin Film hydration (TFH). EI is a very simple method and easy to scale-up, while TFH is 
more suitable for hydrophilic compounds than EI [34,35]. Hydrodynamic sizes, polydis-
persity (PDI) and zeta potential were measured by DLS (Table 3). The liposomes prepared 
by the EI method have a smaller size than the ones prepared by TFH, but both methods 
originate small polydispersity values. Considering the hydrodynamic size values, SUVs 
(Small Unilamellar Vesicles, with size around 100 nm) were formed through the EI 
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method, while MLVs (Multilamellar Vesicles, size around or below 500 nm) were origi-
nated by the TFH method. This result emphasizes the need of performing subsequent ex-
trusion, to reduce the size of vesicles produced by TFH. Considering the zeta potential 
values, the liposomes obtained from both methods are considered neutral (zeta potential 
below ± 5 mV). 

Table 3. Size (hydrodynamic diameter), polydispersity (PDI) and zeta potential of Egg-PC:Ch (7:3) 
liposomes determined by DLS. (SD: standard deviation from three independent measurements). 

Method Size ± SD (nm) PDI ± SD Zeta potential ± SD (mV) 
EI 114.4 ± 1.8 0.27 ± 0.01 0.97 ± 0.3 

TFH 484 ± 43 0.29 ± 0.02 3.03 ± 0.1 
Taking advantage of the high sensitivity of fluorescence spectroscopy, the fluores-

cence emission of both compounds was used to determine the encapsulation efficiencies 
and to follow the release profile. Both compounds 3c and 3g revealed significant emission, 
with maximum wavelength around 340 nm, typical of simple aromatic moieties (Figure 
4). 

 
Figure 4. Normalized absorption and emission (λexc=290 nm) spectra of compounds 3c (left) and 3g (right) in ethanol. 

Considering the encapsulation efficiencies, EE(%), determined by equation (1) (Table 
4), both preparation methods have proven to be suitable for the two compounds, with 
very high EE(%) values, above 93%. However, the liposomes prepared by TFH method 
reveal higher EE(%) for both compounds 3c and 3g, with values of 96% and 99%, respec-
tively.  

Table 4. Encapsulation efficiency, EE(%), of compounds 3c and 3g in liposomes (SD: standard deri-
vation of three independent measurements). 

Compound Method EE(%) ± SD 

3c 
EI 93.5 ± 0.8 

TFH 96.0 ± 0.2 

3g EI 97.9 ± 0.6 
TFH 99.5 ± 0.2 

The release of the encapsulated compounds 3c and 3g from the prepared liposomes 
of Egg-PC:Ch (7:3) was followed for 24 hours, at room temperature, towards buffer of 
pH = 7.4. The release is more effective for compound 3c from liposomes prepared by thin 
film hydration, attaining ca. 60% in 24 hours. Both types of liposomes release less than 
25% of encapsulated compound 3g in 24 hours. 

The release profiles were fitted to the Weibull and Korsmeyer-Peppas models (Fig-
ures 5 and 6, respectively). The fittings results to both methods are shown in Table 5. 
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Figure 5. Release profiles of compounds 3c (left) and 3g (right) from liposomes of Egg-PC:Ch prepared by EI and TFH 
methods and fitting to Weibull model. 

 
Figure 6. Release profiles of compounds 3c (left) and 3g (right) from liposomes of Egg-PC:Ch prepared by EI and TFH 
methods and fitting to Korsmeyer-Peppas model. 

Table 5. Release parameters of the Weibull model (equation 2) and Korsmeyer-Peppas model fitted to the release profiles 
of compounds 3c and 3g from liposomes. R 2 is the coefficient of determination. 

Compound Method 
Weibull Korsmeyer-Peppas 

Ymax b a R 2 k (min-1) n R 2 

3c 
EI 41.65 0.44 0.40 0.96 12.94 0.35 0.98 

TFH 57.49 0.48 0.52 0.99 23.85 0.27 0.97 

3g EI 24.90 0.53 0.34 0.99 7.40 0.35 0.98 
TFH 21.19 0.83 0.40 0.99 6.78 0.37 0.98 

 
The coefficients of determination (R2) above 0.96 show that both Weibull and 

Korsmeyer-Peppas models are suitable to describe the release of compounds 3c and 3g 
from liposomes prepared by both methods. TFH method originates a faster compound 
release in the first 5 hours. 

In general, the Weibull model originates better fits, with the exception of the release 
of compound 3c from liposomes prepared by ethanolic injection. As reported by Papado-
poulou et al. [36], the parameter b can be related to the diffusion mechanism; accordingly, 
if b > 1, the compound transport follows a complex release mechanism; if b ≤ 0.75, a Fickian 
diffusion (in either fractal or Euclidian spaces) occurs; and if 0.75 < b < 1, the mechanism 
is a combination of Fickian diffusion and Case II transport. Thus, the release mechanism 
of compound 3c from liposomes of both methods and of compound 3g from liposomes 
obtained by EI is Fickian diffusion, while the release mechanism of compound 3g from 
liposomes obtained by TFH is a combination of Fickian diffusion and Case II transport. 

3c 3g 

3c 3g 
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Regarding the Korsmeyer-Peppas model, some experimental points had to be ne-
glected (not considered in the fitting procedure) to obtain a high coefficient of determina-
tion. According to Wu et al. [37], the parameter n is directly related to the release mecha-
nism of the compound:  if n > 1, the release is controlled by swelling and material relax-
ation; 0.89 < n < 1 indicates a relaxation-controlled mechanism; 0.45 < n  < 0.89 indicates a 
combination of diffusion and erosion in drug release (non-Fickian release); and when 
n < 0.45, the release mechanism is diffusion-controlled (Fickian release). Thus, according 
to the Korsmeyer-Peppas model, the release mechanism of compounds 3c and 3g is diffu-
sion-controlled (Fickian release). Overall, these results show that Egg-PC/Ch liposomes 
are suitable for encapsulation and a sustained release of the compounds exhibiting insec-
ticidal activity. 

3. Conclusions  
A series of alkoxy alcohols were prepared by reaction of eugenol epoxide with vari-

ous aliphatic and aromatic alcohols. The obtained eugenol derivatives were screened for 
their toxicity towards Sf9 cells, in comparison with the corresponding precursors, to eval-
uate their application as biopesticides. The two semisynthetic compounds that showed 
promising insecticidal activity in Sf9 namely 4-(3-(tert-butoxy)-2-hydroxypropyl)-2-methoxy-
phenol 3c and 4-(2-((4-fluorobenzyl)oxy)-3-hydroxypropyl)-2-methoxyphenol 3g were sub-
jected to encapsulation in lipid nanosystems and release studies, exhibiting very high en-
capsulation efficiencies and a sustained release profile.  

The in silico studies suggest that these two molecules have particularly strong affinity 
to two targets associated with insecticide activity, namely the odorant binding protein 1 
and acetylcholinesterases. Possible binding modes are suggested for these two molecules, 
opening the way for future rational optimization efforts.   

4. Materials and Methods 

4.1. Chemistry 
Dichloromethane, ethyl acetate, light petroleum, cesium carbonate, m-chloroper-

benzoic acid were purchased from Fisher Scientific (Geel, Belgium). Methanol, ethanol, 
tert-butanol, phenol, 3-butyn-2-ol, 3-bromopropan-1-ol, 4-fluorobenzyl alcohol and try-
pan blue were from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous magnesium sul-
phate and acetic anhydride were a PanReac Applichem (Barcelona, Spain) products. Chlo-
roform-d was performed by Eurisotop (Cambridge, England). TLC analyses were carried 
out on 0.25 mm thick precoated silica plates (Merck Fertigplatten Kieselgel 60F254) and 
spots were visualized under UV light. Chromatography on silica gel was carried out on 
Merck Kieselgel (230-240 mesh). IR spectra were determined on a BOMEM MB 104 spec-
trophotometer. Absorption spectra (200–700 nm) were obtained using a Shimadzu 
UV/2501 PC spectrophotometer. NMR spectra were obtained on a Bruker Avance III at an 
operating frequency of 400 MHz for 1H NMR and 100.6 MHz for 13C NMR using the sol-
vent peak as internal reference at 25 ᵒC. All chemical shifts are given in ppm using δ Me4Si 
= 0 ppm as reference and J values are given in hertz. Assignments were made by compar-
ison of chemical shifts, peak multiplicities and J values and were supported by spin de-
coupling-double resonance and bidimensional heteronuclear correlation techniques. 
High-resolution mass spectrometry analyses were performed at the “Centro de Apoyo 
Científico y Tecnológico a la Investigación (CACTI), Servicio de Determinación Estruc-
tural, Proteómica y Genómica”, at University of Vigo, Spain. 
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4.1.1. Procedure for obtaining 4-allyl-2-methoxyphenol 1 
 The extraction of 4-allyl-2-methoxyphenol, eugenol 1 was made from Syzygium aro-

maticum (cloves) in a round-bottom flask containing distilled water (200 mL) and the 
cloves (21.415 g). Hydrodistillation assembly was performed, and the mixture was re-
fluxed during 2 h. The distillate was extracted with DCM (3 × 150 mL), the organic phase 
was dried over anhydrous magnesium sulphate, and solvent evaporation under vacuum 
gave 4-allyl-2-methoxyphenol, eugenol, 1 as an off-white oil (14% yield of extraction). 1H 
NMR δH (CDCl3, 400 MHz): 6.89 (d, J = 8.8 Hz, 1H, H-6), 6.73-6.71 (m, 2H, H-3 and H-5), 
6.03-5.96 (m, 1H, CH=CH2), 5.60 (broad s, 1H, OH), 5.14-5.08 (m, 2H, CH=CH2), 3.89 (s, 3H, 
OCH3), 3.36 (d, J = 6.8 Hz, 2H, CH2Ph) ppm. 

4.1.2. Synthesis of 2-methoxy-4-(oxiran-2-ylmethyl)phenol 2 
 In a reaction flask containing 3-chloroperoxybenzoic acid (m-CPBA) (0.750 g, 4.35 

mmol, 1 equiv) dissolved in DCM (10 mL) while stirring in an ice bath (at 0 ºC), 4-allyl-2-
methoxy phenol 1 (0.500 g, 3 mmol, 1 equiv), dissolved in DCM (10 mL) was added, drop-
wise, following a known procedure [26]. After stirring for 1 hour, additional m-CPBA 
(0.750 g, 4.35 mmol, 1 equiv) was added, the reaction was kept stirring for 24 hours at 
room temperature, and its evolution was monitored by 1H NMR (CDCl3). To the final 
product, DCM (20 mL) and 10% sodium sulfite aqueous solution (2 × 20 mL) were added, 
and the organic phase was collected. The collected organic phase was washed with satu-
rated aqueous solution of sodium hydrogen carbonate (2 × 20 mL). The organic phase was 
dried over anhydrous magnesium sulfate and the remaining solvent was evaporated. 
Compound 2 was obtained as a dark orange oil (0.337 g, 67% yield). Rf = 0.27 (DCM). 1H 
NMR δH (CDCl3, 400 MHz): 6.87 (d, J = 7.6 Hz, 1H, H-6), 6.77 (d, J = 2 Hz, 1H, H-3), 6.75 
(dd, J = 8 Hz and 2 Hz, 1H, H-5), 5.54 (broad s, 1H, OH), 3.90 (s, 3H, OCH3), 3.16-3.12 (m, 
1H, CH-oxirane), 2.82-2.79 (m, 3H, CH2Ph and CH2-oxirane), 2.55 (dd, J = 4.8 Hz and 2.8 
Hz ,1H, CH2-oxirane) ppm. 13C NMR δC (CDCl3, 100.6 MHz): 146.46 (C-2), 144.39 (C-1), 
129.03 (C-4), 121.64 (C-5), 114.32 (C-6), 111.54 (C-3), 55.90 (OCH3), 52.67 (CH-oxirane), 
46.79 (CH2-oxirane), 38.37 (CH2Ph) ppm. 

4.1.3. General procedure for the synthesis of eugenol alkoxy alcohols derivatives 3a-g 
After distilling the solvent, and drying the reaction flask (under a nitrogen atmos-

phere) containing compound 2 (1 equiv), the respective alcohol (5 mL) and boron trifluo-
ride diethyl etherate (1 equiv) were added. The reaction mixture was left stirring under a 
nitrogen atmosphere, at 0 ºC (ice bath with sodium chloride), for 2 hours. The progress of 
the reaction was monitored by 1H NMR (CDCl3) and TLC (AcOEt/EP 1:1). The solvent 
and/or alcohol was evaporated, the reaction mixture was dissolved in DCM (5 mL) and 
distilled water (5 mL) was added. The organic phase was extracted with DCM (2 × 5 mL), 
dried over anhydrous magnesium sulfate and the remaining solvent was evaporated. 

4.1.3.1. 4-(2-Hydroxy-3-methoxypropyl)-2-methoxyphenol 3a  
Starting from compound 2 (0.131 g, 0.73 mmol) and using methanol (5 mL), com-

pound 3a was obtained as a thick yellow oil (0.089g, 68% yield). Rf = 0.30 (ethyl ace-
tate/light petroleum 1:1). IR (DCM) νmax = 3412, 2933, 1602, 1516, 1463, 1453, 1431, 1369, 
1154, 1124, 1035, 964, 911, 733 cm-1. 1H NMR δH (CDCl3, 400 MHz): 6.86 (d, J = 7.6 Hz, 1H, 
H-6), 6.75 (d, J = 1.6 Hz, 1H, H-3), 6.71 (dd, J = 8 Hz and 2 Hz, 1H, H-5), 4.01-3.96 (m, 1H, 
CHOH), 3.89 (s, 3H, OCH3), 3.44-3.40 (m, 1H, CH2O), 3.40 (s, 3H, OCH3), 3.40-3.28 (m, 1H, 
CH2O), 2.73 (d, J = 6.8 Hz, 2H, CH2Ph) ppm. 13C NMR δC (CDCl3, 100.6 MHz): 146.46 (C-2), 
144.24 (C-1), 129.66 (C-4), 121.93 (C-5), 114.34 (C-6), 111.80 (C-3), 75.94 (CH2O), 71.37 
(CHOH), 59.06 (OCH3), 55.85 (OCH3), 39.47 (CH2Ph) ppm. 

HRMS (ESI-TOF): calcd for C11H16O4 [M++H]: 213.1049; found 213.1050.  

4.1.3.2. 4-(3-Ethoxy-2-hydroxypropyl)-2-methoxyphenol 3b  
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Starting from compound 2 (0.109 g, 0.60 mmol) and using ethanol (5 mL), compound 
3b was obtained as white solid (0.023 g, 21% yield). Rf = 0.37 (ethyl acetate/light petroleum 
1:1). IR (DCM) νmax = 3395, 3279, 3055, 2998, 2976, 2920, 2859, 1601,1522, 1462, 1441, 1375, 
1310, 1267, 1216, 1159, 1106, 1087, 1069, 1037, 907, 740 cm-1. 1H NMR δH (CDCl3, 400 MHz): 
6.86 (d, J = 8 Hz, 1H, H-6), 6.76 (d, J = 1.6 Hz, 1H, H-3), 6.71 (dd, J = 7.6 Hz and 1.6 Hz, 1H, 
H-5), 5.56 (broad s, 1H, OH), 4.02-3.96 (m, 1H, CHOH), 3.88 (s, 3H, OCH3), 3.57-3.50 (m, 
2H, OCH2CH3), 3.45-3.30 (m, 2H, CH2O), 2.73 (d, J = 6.8 Hz, 2H, CH2Ph), 1.22 (t, J = 14 Hz, 
3H, OCH2CH3) ppm. 13C NMR δC (CDCl3, 100.6 MHz): 146.44 (C-2), 144.20 (C-1), 129.77 (C-
4), 121.94 (C-5), 114.31 (C-6), 111.80 (C-3), 73.78 (CH2O), 71.45 (CHOH), 66.72 (OCH2CH3), 
55.85 (OCH3), 39.52 (CH2Ph), 15.13 (OCH2CH3) ppm. HRMS (ESI-TOF): calcd for C12H18O4 
[M++H]: 227.1205; found 227.1204.  

4.1.3.3. 4-(3-(tert-Butoxy)-2-hydroxypropyl)-2-methoxyphenol 3c 
 Starting from compound 2 (0.149 g, 0.83 mmol) and using tert-butanol (5 mL), com-

pound 3c was obtained as yellowish transparent oil (0.018 g, 12% yield). Rf = 0.54 (ethyl 
acetate/light petroleum 1:1). IR (DCM) νmax = 3381, 2972, 2929, 2872, 1736, 1601, 1517, 1464, 
1451, 1430, 1365, 1312, 1269, 1237, 1155, 1122, 1077, 1035, 939, 911, 873, 842, 820, 801, 756, 
738 cm-1. 1H NMR δH (CDCl3, 400 MHz): 6.85 (d, J = 8 Hz, 1H, H-6), 6.77 (d, J = 1.6 Hz, 1H, 
H-3), 6.72 (dd, J = 8 Hz and 2 Hz, 1H, H-5), 5.53 (broad s, 1H, OH), 3.94-3.89 (m, 1H, 
CHOH), 3.88 (s, 3H, OCH3), 3.38-3.24 (m, 2H, CH2O), 2.73 (d, J = 7.2 Hz, 2H, CH2Ph), 1.20 
(s, 9H, OC(CH3)3) ppm.13C NMR δC (CDCl3, 100.6 MHz): 146.38 (C-2), 144.09 (C-1), 130.12 
(C-4), 121.91 (C-5), 114.24 (C-6), 111.77 (C-3), 73.19 (OC(CH3)3), 71.79 (CHOH), 64.91 
(CH2O), 55.84 (OCH3), 39.54 (CH2Ph), 27.57 OC(CH3)3) ppm. HRMS (ESI-TOF): calcd for 
C14H22O4 [M++H]: 255.1519; found 255.1518.  

4.1.3.4. 4-(2-Hydroxy-3-phenoxypropyl)-2-methoxyphenol 3d 
 Starting from compound 2 (0.255 g, 1.42 mmol) and using phenol (0.133 g, 1.41 

mmol), compound 3d was obtained as thick brown oil (0.108 g, 42% yield). Rf = 0.48 (ethyl 
acetate/light petroleum 1:1). IR (DCM) νmax = 3421, 3059, 2937, 2844, 1728, 1598, 1587, 1515, 
1493, 1464, 1453, 1431, 1366, 1270, 1237, 1171, 1154, 1124, 1034, 1079, 955, 915, 819, 796, 754, 
737 cm-1. 1H NMR δH (CDCl3, 400 MHz): 7.32-7.27 (m, 2H, H-3 O-Ph and H-5 O-Ph), 6.99-
6.94 (m, 3H, H-4 O-Ph, H-2 O-Ph and H-6 O-Ph), 6.85 (d, J = 8 Hz, 1H, H-6), 6.75 (d, J = 2 
Hz, 1H, H-5), 6.72 (d, J = 8 Hz and 2 Hz, 1H, H-3), 5.53 (broad s, 1H, OH), 4.55-4.49 (m, 1H, 
CHOH), 3.84 (s, 3H, OCH3), 3.81-3.71 (m, 2H, CH2OPh), 2.99 (dd, J = 14 Hz and 5.6 Hz, 1H, 
CH2Ph), 2.90 (dd, J = 14 Hz and 7.2 Hz, 1H, CH2Ph) ppm. 13C NMR δC (CDCl3, 100.6 MHz): 
157.79 (C-1 O-Ph), 146.42 (C-2), 144.30 (C-1), 129.64 (C-3 O-Ph and C-5 O-Ph), 129.04 (C-
4), 122.08 (C-5), 121.42 (C-4 O-Ph), 116.24 (C-2 O-Ph and C-6 O-Ph), 114.36 (C-6), 112.03 
(C-3), 79.63 (CHOH), 63.55 (CH2O), 55.89 (OCH3), 36.33 (CH2Ph) ppm. HRMS (ESI-TOF): 
calcd for C16H18O4 [M++H]: 275.1205; found 275.1206. 

4.1.3.5. 4-(2-(But-3-yn-2-yloxy)-3-hydroxypropyl)-2-methoxyphenol 3e 
 Starting from compound 2 (0.195 g, 1.08 mmol) and using 3-butyn-2-ol (0.076 g, 1.08 

mmol), compound 3e was obtained as thick brown oil (0.015 g, 8% yield). Rf = 0.56 (ethyl 
acetate/light petroleum 1:1). IR (DCM) νmax = 3425, 3287, 2936, 2360, 1721, 1603, 1515, 1464, 
1452, 1431, 1370, 1326, 1271, 1237, 1210, 1154, 1123, 1098, 1034, 955, 859, 818, 795, 739 cm-1. 
1H NMR δH (CDCl3, 400 MHz): 6.85 (d, J = 8 Hz, 1H, H-6), 6.73-6.71 (m, 2H, H-5 and H-3), 
5.52 (broad s, 1H, OH), 4.06-4.01 (m, 1H, OCH(CH3)CCH), 3.89 (s, 3H, OCH3), 3.88-3.84 
(m, 1H, CHO),  3.70-3.52 (m, 2H, CH2OH), 2.76 (dd, J = 13.6 Hz and 6.8 Hz, 1H, CH2Ph), 
2.68 (dd, J = 14 Hz and 6.4 Hz, 1H, CH2Ph), 2.44 (d, J = 2 Hz, 1H, OCH(CH3)CCH), 1.37 (d, 
J = 6.4 Hz, 3H, OCH(CH3)CCH) ppm. 13C NMR δC (CDCl3, 100.6 MHz): 146.37 (C-2), 144.19 
(C-1), 129.76 (C-4), 122.01 (C-5), 114.33 (C-6), 111.84 (C-3), 84.41 (OCH(CH3)CCH), 80.33 
(CHO), 72.97 (OCH(CH3)CCH), 64.69 (OCH(CH3)CCH), 64.54 (CH2OH), 55.90 (OCH3), 
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37.13 (CH2Ph), 22.34 (OCH(CH3)CCH) ppm. HRMS (ESI-TOF): calcd for C14H18O4 [M++H]: 
251.1205; found 251.1204 

4.1.3.6.4-(2-(3-. Bromopropoxy)-3-hydroxypropyl)-2-methoxyphenol 3f 
 Starting from compound 2 (0.231 g, 1.28 mmol) and using 3-bromopropan-1-ol 

(0.178 g, 1.28 mmol), compound 3f was obtained as thick brown oil (0.035 g, 15% yield). 
Rf = 0.33 (ethyl acetate/light petroleum 1:1). IR (DCM) νmax = 3398, 2927, 2854, 2361, 1741, 
1659, 1603, 1515, 1464, 1452, 1431, 1365, 1271, 1236, 1210, 1154, 1122, 1105, 1034, 936, 858, 
815, 797, 737 cm-1. 1H NMR δH (CDCl3, 400 MHz): 6.85 (d, J = 8.4 Hz, 1H, H-6), 6.73 (s, 1H, 
H-3), 6.70 (dd, J = 9 Hz and J = 2 Hz, 1H, H-5), 5.51 (broad s, 1H, OH), 3.90 (s, 3H, OCH3), 
3.73-3.42 (m, 7H, CHO, OCH2CH2CH2Br and CH2OH), 2.83 (dd, J = 14 Hz and 6.4 Hz, 1H, 
CH2Ph), 2.70 (dd, J = 14 Hz and 6.8 Hz, 1H, CH2Ph), 2.09-2.02 (m, 2H, OCH2CH2CH2Br) 
ppm. 13C NMR δC (CDCl3, 100.6 MHz): 146.46 (C-2), 144.14 (C-1), 129.87 (C-4), 121.99 (C-
5), 114.29 (C-6), 111.83 (C-3), 81.62 (CHO), 67.02 (OCH2CH2CH2Br), 63.67 (CH2OH), 55.93 
(OCH3), 38.14 (CH2Ph), 32.82 (OCH2CH2CH2Br), 30.62 (OCH2CH2CH2Br) ppm. HRMS 
(ESI-TOF): calcd for C13H19BrO4 [M++H]: 240.1284; found 240.1283. 

4.1.3.7. 4-(2-((4-Fluorobenzyl)oxy)-3-hydroxypropyl)-2-methoxyphenol 3g 
 Starting from compound 2 (0.176 g, 0.98 mmol) and using 4-fluorobenzyl alcohol 

(0.123 g, 0.98 mmol), compound 3g was obtained as thick brown oil (0.033 g, 19% yield). 
Rf = 0.42 (ethyl acetate/light petroleum 1:1). IR (DCM) νmax = 3416, 3054, 2936, 2874, 1603, 
1513, 1464, 1452, 1431, 1366, 1270, 1222, 1155, 1123, 1099, 1035, 853, 824, 737 cm-1. 1H NMR 
δH (CDCl3, 400 MHz): 7.26-7.21 (m, 2H, H-2 p-F-Ph and H-6 p-F-Ph), 7.04-6.99 (m, 2H, H-5 
p-F-Ph and H-3 p-F-Ph), 6.85 (d, J = 8 Hz, 1H, H-6), 6.72-6.69 (m, 2H, H-5 and H-3), 5.55 
(broad s, 1H, OH), 4.49 (s, 2H, OCH2-p-F-Ph), 3.84 (s, 3H, OCH3), 3.71-3.48 (m, 1H, 
CH2OH), 3.60-3.49 (m, 2H, CH2OH and CHO), 2.85 (dd, J = 13.6 Hz and 6.8 Hz, 1H, CH2Ph), 
2.75 (dd, J = 14 Hz and 6.4 Hz, 1H, CH2Ph) ppm. 13C NMR δC (CDCl3, 100.6 MHz): 161.13 
(C-4 p-F-Ph), 146.38 (C-2), 144.17 (C-1), 133.99 (C-1 p-F-Ph) 129.86 (C-4), 129.57 (C-2 p-F-
Ph), 129.49 (C-6 p-F-Ph), 122.00 (C-5), 115.37 (C-5 p-F-Ph), 115.16 (C-3 p-F-Ph), 114.30 (C-
6), 111.91 (C-3), 80.98 (CHO), 71.27 (OCH2-p-F-Ph), 63.80 (CH2OH), 55.83 (OCH3), 37.18 
(CH2Ph) ppm. HRMS (ESI-TOF): calcd for C17H19FO4 [M++H]: 307.1268; found 307.1267. 

4.2. Cell Culture 
Grace’s insect medium, fetal bovine serum (FBS), penicillin/streptomycin solution 

(penicillin 10000 Units/mL and streptomycin 10000 µg/mL) and PrestoBlueTM were ob-
tained from Invitrogen (Grand Island, NE, USA). 

Insect cells (Sf9, Spodoptera frugiperda) were maintained as a suspension culture and 
cultivated in Grace’s medium with 10% FBS and 1% penicillin/streptomycin, at 28 ºC with 
agitation. Cells were used in experiments while in the exponential phase of growth. 

4.3. Cell viability  
For the assessment of viability, a resazurin-based method was used. The Sf9 cells 

were plated at a density of 3.0 × 104, incubated for 24 h, and then exposed to the molecules 
under study (at 100 µg/mL in Grace’s medium) for 24 h. After this period, a commercial 
solution of resazurin was added (1:10), and cells were incubated during 60 min, the kinetic 
reaction of fluorescence increase being then monitored at 560/590 nm (excitation/emission 
wavelength). 

4.4. Inverted virtual screening studies 
 Inverted virtual screening (IVS) was the methodology used to identify possible tar-

gets for the eugenol alkoxy alcohols. In this strategy, a docking program is used to screen 
a collection of possible binding targets. In order to create a representative dataset of pos-
sible insecticide targets, Scopus was screened for studies that showed virtual screening 
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(VS) studies involving targets and molecules with insecticidal activity using the key-
words: “virtual screening” and “insecticide”. The year of publication and relevance of tar-
get were the selection criteria, and the final list of potential targets identified 23 PDB struc-
tures. These are listed in Table S1  

All the PDB structures were prepared for IVS using pymol [38] and the crystallo-
graphic ligands were saved in separate files to be used as reference to validate the binding 
pocket coordinates. In the absence of crystallographic ligands, the pocket coordinates 
were accessed based on the most relevant amino acid residues described in the literature. 
To validate and optimize the docking protocol, re-docking was used. Re-docking evalu-
ates the ability of the docking software in reproducing the orientation and geometry of 
the ligand by comparing the docking prediction with the crystallographic structure of a 
target-ligand complex. The goal is to have the lowest root mean square deviation (RMSD) 
between the predicted pose and the reference position in the crystallographic structure. 

Five docking scoring function alternatives were used: PLP, ASP, ChemScore, Gold-
Score (part of the GOLD software [39]) and AutoDock Vina [40] and the docking condi-
tions were optimized for each of them to ensure consistency. The optimized parameters 
were: docking coordinates and box dimension (or radius in the case of GOLD), number of 
runs and exhaustiveness or search efficiency. The final and optimized protocol was then 
applied in the IVS stage. The chemical structure of the two eugenol derivatives studied 
(compounds 3c and 3g) were prepared using Datawarrior [41] and OpenBabel [42]. After 
docking these compounds into each PDB structure with the optimized conditions, for all 
the SF studied, a ranked list of the most probable targets was created, based on the average 
scores.  

This protocol is well established and has been applied to other IVS studies involving 
eugenol and carvacrol derivatives [26,43]. 

4.5. Molecular dynamics simulations and free energy calculations 
 To evaluate and confirm the docking projections, molecular dynamics simulations 

(MD) was performed for compounds 3c and 3g bound to the most promising targets pre-
dicted (odorant binding protein 1 – PDB: 3K1E and acetylcholinesterase – PDB:1QON). 
Because there were gaps in the PDB structure of 1QON, a homology model was created 
using 50 of a total of 1466 templates obtained by SWISSMODEL [44] (Figure S1). 

 The ligand poses predicted in the IVS stage with GOLD/PLP were used for the MD 
simulations and treated with the Leap module of AMBER [45]. 1QON and 3K1E proteins 
were treated with the ff14SB force field [46] and the eugenol derivatives were parameter-
ized using ANTECHAMBER, with the General Amber Force Field (GAFF) [47] and the 
RESP HF/6-31G(d) charges calculated with Gaussian16 [48]. The protein-ligand com-
plexes were placed in TIP3P water boxes were with 12 Å distance between the surface of 
the protein and the side of the box. To neutralize the overall charge of the system, sodium 
(Na+) counter ions were added.  

 Four minimization steps were performed to remove clashes, followed by two equili-
bration steps and a final 100 ns production step. The four consecutive minimization stages 
were applied in the following order:  1-water molecules (2500 steps); 2-hydrogens atoms 
(2500 steps); 3-side chains of all the amino acid residues (2500 steps); 4-full system (10000 
steps). The equilibration procedure was divided in two stages: NVT ensemble, where the 
systems were heated to 298 K applying a Langevin thermostat at constant volume (50 ps); 
in the second stage, the density of the systems was further equilibrated at 298 K (subse-
quent 50 ps). The production run was performed using an NPT ensemble at constant tem-
perature (298 K), pressure (1 bar, Berendsen barostat) and periodic boundary conditions. 
The SHAKE algorithm and an integration time of 2 fs was used, with a cut-off of 10 Å for 
nonbonded interactions. The resulting trajectories were analyzed using the cpptraj tool 
[49] of AMBER and VMD [50]. Parameters such as RMSD, number of hydrogen bonds 
formed, and accessible surface area were measured to evaluate the stability of the protein-
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ligand complexes. This overall procedure has been previously used with success in the 
treatment of several biomolecular systems [51-59]. 

To estimate the binding free energies of compounds 3c and 3g in complex with the 
odorant binding protein 1 and to acetylcholinesterase, the Molecular Mechanics - Gener-
alized Born Surface Area (MM-GBSA) method [60] was applied, with a salt concentration 
of 0.100 mol.dm-3. To estimate the contribution of the amino acid residues, the energy de-
composition method was employed to each complex. From each MD trajectory, a total of 
1400 conformations taken from the last 70 ns of simulation were considered for the MM-
GBSA calculations. 

4.6. Nanoencapsulation assays 
Liposomal structures were prepared by both the ethanolic injection (EI) and thin film 

hydration (TFH) methods, using a lipid mixture of Egg-PC:Ch in the ratio 7:3, with a total 
lipid concentration of 1×10-3 M. In the EI method [34], the liposomes were prepared by a 
slow injection of an ethanolic solution of lipids and compound mixture to an aqueous 
buffer solution under vortexing. For TFH method [35], a lipid film of the Egg-PC:Ch mix-
ture was obtained from the evaporation of a lipid solution in chloroform under an ul-
trapure nitrogen stream. The compound solution was added, and, after evaporation, the 
film was hydrated with the aqueous buffer solution, followed by bath sonication and vor-
texing. 

For size (hydrodynamic diameter) and zeta potential measurements of compound-
loaded liposomal formulations, three independent measurements (at 25 °C) were per-
formed for each sample of liposomes obtained by the two different methods. A Dynamic 
Light Scattering (DLS) equipment, Litesizer 500 from Anton Paar, with a solid-state laser 
of 648 nm and 40 mW, was used for these measurements. 

The encapsulation efficiency (percent), EE%, was determined through fluorescence 
measurements. After preparation, liposomes were subjected to centrifugation in Amicon® 
Ultra centrifugal filter units 100 kDa. at 11,000 rpm for 60 min. Then, the supernatant was 
removed and its fluorescence spectrum was measured in a Jobin-Yvon Fluorolog 3 spec-
trofluorometer. Using a previously obtained calibration curve of fluorescence intensity 
versus concentration, the encapsulation efficiencies of both compounds were determined 
through equation (1), and three independent assays were performed. 

           𝐸𝐸𝐸𝐸(%) = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 − 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 𝑜𝑜𝑜𝑜 𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

× 100      (1) 

Release assays to phosphate buffer (pH = 7.4) were performed during 24 h, using 
Amicon® Ultra centrifugal filter units 100 kDa as dialysis membranes. The loaded lipo-
somes solutions were maintained at 25 °C and were kept covered. The Weibull model was 
used to study the transport mechanism in compound release, being used for the compar-
ison of release profiles from matrix systems. For that, the compound fraction accumulated 
(m) in solution on time t was fitted to the Weibull model [36] (equation 2), 

𝑚𝑚 =  1 −  exp � − (𝑡𝑡 − 𝑇𝑇𝑖𝑖)𝑏𝑏

𝑎𝑎
�                          (2) 

where 𝑎𝑎 is a scale parameter that defines the timescale of the process, 𝑇𝑇𝑖𝑖  represents the 
latency time of the release process (often being zero), and 𝑏𝑏 is a formal parameter that 
characterizes the type of curve (b = 1 is exponential; b > 1 is sigmoid, with ascendant cur-
vature delimited by an inflection point; and b < 1 is parabolic, displaying high initial slope 
and a consistent exponential character).  

The Korsmeyer-Peppas model was also used to describe the compound release ki-
netics from the liposomes through equation 3: 

Mt /M∞ = K . t n      (3) 
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where Mt /M∞ represents the fraction of release drug, K is the release constant, n the 
transport exponent (dimensionless) and t is the time. When 𝑛𝑛 < 0.45, the release mecha-
nism is diffusion-controlled (Fickian release), 0.45 < 𝑛𝑛 < 0.89 indicates a combination of 
diffusion and erosion drug release (non-Fickian release), 0.89 < 𝑛𝑛 < 1 indicates a relaxa-
tion-controlled release, and in the case of 𝑛𝑛 > 1, the release is controlled by swelling and 
chain relaxation [61]. 
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