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Abstract: Perillyl alcohol (PA), a naturally existing monocyclic terpene related to limonene, is char-
acterized by its poor aqueous solubility and very limited bioavailability. Its potential anti-cancer
activity against malignant glioma has been reported. The aim was to develop PA-loaded lipid-based
nanocarriers (LNCs), and to investigate their anti-cancer activity against two different brain cell lines.
Non-medicated and PA-loaded LNCs were prepared and characterized. The mechanism of cytotoxic
activity of PA was conducted using a molecular docking technique. The cell viabilities against A172
and ANGM-CSS cells were evaluated. The results revealed that the average particle size of the
prepared LNCs ranged from 248.67 ± 12.42 to 1124.21 ± 12.77 nm, the polydispersity index was
0.418 ± 0.043–0.509 ± 0.064, while the zeta potential ranged from −36.91 ± 1.31 to −15.20 ± 0.96 mV.
The molecular docking studies demonstrated that the drug had binding activity to human farnesyl-
transferase. Following exposure of the two glioblastoma cell lines to the PA-loaded nanoformulations,
MTS assays were carried out, and the data showed a far lower half-maximal inhibitory concentration
in both cell lines when compared to pure drug and non-medicated nanocarriers. These results indicate
the potential in vitro antiproliferative activity of PA-loaded LNCs. Therefore, the prepared PA-loaded
nanocarriers could be used to enhance drug delivery across the blood–brain barrier (BBB) in order to
treat brain cancer, especially when formulated in a suitable dosage form. The size, surface charge,
and lipid composition of the LNCs make them promising for drug delivery across the BBB. Detailed
pharmacokinetic and pharmacodynamic assessments, including the evaluation of BBB penetration,
are necessary to better understand the compound’s distribution and effects within the brain.

Keywords: perillyl alcohol; lipid-based nanoformulations; docking; brain cancer; human
farnesyltransferase; cell viability; industrial development

1. Introduction

Terpenes are natural organic compounds found in a wide array of plants, and their
diverse chemical structures and properties make them fascinating subjects of study [1].
They consist of a number of isoperene units, a five-carbon base substance, while terpenoids
are a modified type of terpene in which the compound contains oxygen [2]. Terpenes serve
as the basis for the production of essential oils, flavors, and fragrances, with applications
in cosmetics, perfumery, and the food industry [2]. Moreover, terpenes have shown
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promise in fields like medicine, where they can be harnessed for their anti-inflammatory,
antimicrobial, and therapeutic properties [3]. As research in this area continues to advance,
the possibilities for the practical utilization of terpene compounds from plant sources
appear increasingly exciting and far-reaching. The characterization of these compounds is a
multifaceted scientific endeavor, involving analytical techniques like gas chromatography–
mass spectrometry (GC–MS) and nuclear magnetic resonance (NMR) spectroscopy [4].
Such methodologies enable the identification and quantification of the numerous terpenes
found in different plant species, shedding light on their chemical structures and roles
within ecosystems.

Perillyl alcohol (PA) is a monoterpenoid compound available in essential oils of vari-
ous herbs including perilla, peppermint, sage, thyme, lemongrass, lavender, and berries [1].
PA is a small molecule (152.237 g/mole) that is slightly soluble in water (1.9 mg/mL), and
has a boiling point of 119–121 ◦C. In terms of therapeutic activity, PA has demonstrated
anti-cancer effects against lung, brain, pancreatic, mammary, and colon cancers in animal
models. Various studies have investigated possible cellular targets for PA anti-proliferative
activities on animal models [5]. A number of studies suggested that PA, limonene, and
their metabolites interfere in the process of G protein isoprenylation, and restrict cell pro-
liferation [6–9]. Moreover, other studies have reported that PA has an impact on the cell
cycle machinery, which consequently affects the cell cycle progression of tumor cells. For
example, treatment of cells in vitro leads to the downregulation of several cyclin proteins.
Cyclins are the regulatory components of cyclin-dependent kinases (CDKs), the activity of
which is crucial for cell cycle progression. In contrast, POH upregulates the expression of
CDK-inhibitory proteins such as p15 (INK4b, CDKN2B), p21 (WAF/Cip1, CDKN1A), and
p27 (Kip1, CDKN1B), all of which may suppress CDK activity [10–13]. The following cell
cycle arrests restrain tumor cell progression in vitro, potentially translating into blocking of
tumor growth in vivo. Furthermore, many other cellular targets of PA have been discovered,
such as immediate–early genes c-Fos and c-Jun [10,14]; telomerase reverse transcriptase
(hTERT) [15,16]; sodium/potassium adenosine triphosphatase (Na/K-ATPase) [17,18]; nu-
clear factor kappa B (NF-κB) [19–21]; Notch (which plays a role in tumor cell invasion and
metastasis) [22]; mammalian targeting of the rapamycin complex (mTORC) [15,23]; and
transforming growth factor beta (TGFβ) [10]. In addition, PA was identified as an efficient
stimulant for endoplasmic reticulum (ER) stress by inducing the stimulation of ER stress
markers [24]. Overall, it is not conclusive yet which mechanism has the upper hand against
tumor cells, as apparently each one of these actions of PA has a role in the anti-proliferative
activity. PA has been moved to clinical trials in humans after many investigations that
proved its successful anti-cancer activity in pre-clinical in vitro as well as in vivo models.
PA was studied in groups of patients with ovarian cancer [25], metastatic breast cancer [26],
metastatic prostate cancer [27], pancreatic cancer [28], and metastatic colorectal cancer [29].
Overall, the therapeutic effect of PA was generally unimpressive. Moreover, although
the GI side effects were not severe as per common clinical criteria, the chronic and un-
pleasant nature of these symptoms caused issues to participants to the point that some
patients discontinued the therapy and stop their participation in these trials [25,27,29].
While the oral PA clinical trials have stopped and no further phase III trials have been
conducted, the door is open for other potential alternative formulations types. As carriers
for PA, formulations comprising a hydrogel, O/W nanoemulsion, O/W macroemulsion,
and nanostructured lipid carrier were developed, and the prepared nanoformulations and
the conventional hydrogel have been reported to be considered as potential vehicles in the
topical delivery of PA [30]. Recently, Peczek et al. reported preparation of PA-loaded nanos-
tructure lipid carriers to enhance drug distribution in the brain. These nanocarriers were
prepared using PA as an oily phase, Gelucire® 43/01 as a solid lipid, and an aqueous phase
containing polysorbate 80 and soy lecithin, utilizing the hot homogenization technique [31].
Accordingly, there is a need to develop PA loaded lipid-based nanocarriers utilizing other
constituents and techniques to enhance the therapeutic efficacy of PA.
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In this study, we developed PA-loaded lipid-based nanocarriers utilizing a melt-
emulsion and low-temperature solidification technique. The prepared nanocarriers were
characterized for their size, zeta potential, and polydispersity index. Molecular docking
was conducted to study the mechanism of cytotoxic activity of PA. The anti-tumor drug
activity against the ANGM-CSS and A172 brain cell lines was investigated using the MTS
assay. The half maximal inhibitory concentration (IC50) was calculated to measure the
potency of PA and the prepared nanocarriers against malignant glioma.

2. Materials and Methods
2.1. Materials

Perillyl alcohol was purchased from AK Scientific (Union City, CA, USA). Tween 80
(polysorbate 80) and cholesterol were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Stearic acid was procured from Fischer Scientific (Loughborough, UK). Sefsol 218 was
obtained from Nikko Chemicals Company, Ltd. (Tokyo, Japan). Dulbecco’s Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), and antibiotic solution were all obtained from
Sigma-Aldrich (St. Louis, MO, USA). CellTiter 96® aqueous one solution cell proliferation
assay (MTS assay) was supplied by Promega (Southampton, UK). The first glioblastoma
cell line used (A172) was obtained from the American Type Culture Collection under
catalogue number CRL-1620TM (Manassas, VA, USA). The second glioblastoma cell line
(ANGM-CSS) was purchased from the European Collection of Authenticated Cell Cultures
under catalogue number 08040401TM (San Giovanni Rotondo, Italy).

2.2. Preparation of Nanocarriers

Medicated and non-medicated nanocarriers were prepared utilizing a previously
mentioned melt-emulsion and low-temperature solidification technique, but with some
modifications [32]. The composition of the prepared formulations is depicted in Table 1.
Briefly, the calculated amounts of stearic acid and cholesterol were melted in a water bath
at 80 ◦C. The studied oil (either PA or sefsol) was added to the melted oily mixture. An
aqueous surfactant solution (1% w/v) was prepared and heated in a water bath at 80 ◦C. The
aqueous surfactant solution was added to the oily mixture on a magnetic stirrer, at 1200 rpm,
over a water bath at 80 ◦C. The mixture was subjected to high-speed homogenization at
23,000 rpm for 15 min. Finally, the preparation was subjected to rapid cooling by immersion
into ice-cold water over a magnetic stirrer at 1200 rpm for 15 min to produce a homogenous
dispersion. The prepared lipid-based nanocarriers were assigned the codes NLC1, NLC2,
and NLC3.

Table 1. Composition and characterization of the prepared nanocarriers.

Formulation NLC1 NLC2 NLC3

Composition

% of Stearic acid (w/v) 1.272 1.272 1.272

% of Cholesterol (w/v) 0.16 0.16 0.16

Sefsol (mg/mL) - 5 -

PA (mg/mL) 5 - -

% of Tween 80 in aqueous phase (w/v) 1 1 1

Characterization

Size (nm) 330.47 ± 22.11 248.67 ± 12.42 1124.21 ± 12.77

PDI 0.509 ± 0.064 0.504 ± 0.065 0.418 ± 0.043

Zeta potential (mV) −15.20 ± 0.96 −17.76 ± 1.12 −36.91 ± 1.31
Abbreviations: NLC, nanostructure lipid carrier; PA, perillyl alcohol; PDI, polydispersity index.
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Sefsol was incorporated into the NLC2 formulation instead of PA, in order to prepare
a positive control formulation, since this oil is generally regarded as a safe category of
pharmaceutical excipients [33]. A non-medicated “oil-free” formulation, namely NLC3,
was also prepared.

2.3. Characterization of the Prepared Nanocarriers

The obtained formulations were characterized for particle size, polydispersity index
(PDI), and surface charges (zeta potential) using a Malvern Zetasizer Nano ZSP, Malvern
Panalytical Ltd. (Malvern, UK). Each formulation was diluted with distilled water in a ratio
of 1:5 (v/v), to ensure low density of the nanocarriers in the sample compartment, which
limits interaction between the particles [34]. The Malvern Zetasizer Nano ZSP utilizes the
dynamic light scattering (DLS) technique to determine the particle sizes of nanoformula-
tions. This technique involves measuring the fluctuations in scattered light caused by the
Brownian motion of particles suspended in a liquid medium. Additionally, the instrument
calculates the PDI from the data obtained during the particle size measurement. The zeta
potential is a measure of the electrostatic charge at the surface of nanocarriers. It provides
insights into the stability and colloidal behavior of nanoformulations. The electrophoretic
mobility of particles in an electric field is used to calculate the zeta potential. The zeta
potential of the particles was measured at a scattering angle of 13◦, an equilibration time of
300 s, and a temperature of 25 ◦C. The instrument applies an electric field to the sample
and measures the velocity of particles as they move through the field. For each sample, the
number of runs, scans, voltage, and attenuation settings were automatically determined.
The average value of three readings was taken.

The morphological characterization of the PA-loaded lipid based nanocarriers formu-
lation was conducted using transmission electron microscopy (TEM). A JEOL JEM-2100
TEM from Tokyo, Japan, was used. A small volume of the formulation was dispersed onto
a carbon support film TEM grid. Then, the sample was air-dried, loaded in the sample
holder, and images were captured.

2.4. Molecular Docking Study

The mechanism of the antitumor activity of perillyl alcohol, and to a lesser extent its
precursor limonene, involves inhibiting the process of isoprenylation of small G proteins,
including Ras oncoprotein activity through inhibition of the farnesylation of p21-Ras [35,36].
Ras genes are the most frequently mutated oncogenes in human cancer that are required for
normal activity. To further explain the mechanism of PA’s cytotoxic activity, we conducted a
molecular docking experiment using the Schrodinger program (Schrödinger Release 2022-3:
Schrödinger, LLC, New York, NY, USA, 2021).

2.4.1. Preparation of Protein

The crystal structure of human farnesyltransferase with farnesyl diphosphate (PDB ID:
1LDZ) [37] from the protein databank was downloaded, and then processed with the Protein
Preparation Wizard in Maestro Schrödinger [38]. The alterations made involved adding the
missing hydrogens to the residues, correcting the metal ionization states, remoting water
molecules that were further than 5 Å, assigning proper charges, and allowing the protein
to go through restrained minimization with OPLS4 as the force field.

2.4.2. Ligand Preparation

The two compounds, perillyl diphosphate and farnesyl diphosphate, were made ready
for docking by converting their two-dimensional structures to three-dimensional ones, and
minimizing the energy of each employing the OPLS3 force field. Then, hydrogen atoms
were added, and all of the conceivable protonation states and tautomeric forms for each
molecule were generated with a pH of 7.0 ± 0.2 using the Epik tool, with the desalt function
selected. In order to optimize any existing hydrogen bonds, the pKa of any ionizable
groups was forecasted using the PROPKA tool [39].



Biomedicines 2023, 11, 2771 5 of 15

2.4.3. Grid Generation and Molecular Docking

A grid box was generated in the vicinity of the human farnesyltransferase active site
(1LDZ) co-crystallized with farnesyl diphosphate, implemented with the “Receptor-Grid-
Generation” feature of the Schrödinger suite [40]. The box structure was based off the
centroid of the workspace ligand, with an automatic X, Y, Z dimension length of 10 Å.
Then, perillyl diphosphate was docked inside the box, conducted once with standard
precision (SP) and thrice with extra precision (XP) settings. All of the default parameters
were implemented [41], apart from the VdW radii scaling factor and partial charge cutoff
being set to 1.0 and 0.25, respectively. Then, the “Ligand Docking” tool was employed for
docking [40]. To validate the docking method, farnesyl diphosphate was re-docked inside
the grid box and evaluated. The evaluation comprised three application-specific scores, the
gscore (for ranking the different compounds), the emodel score (for ranking the different
conformers), and the XP gscore. Glide utilizes emodel scoring to select the optimal poses of
the docked compounds and ranks them via the gscore. The XP gscore, on the other hand,
ranks the poses generated by XP Glide mode, which takes into account major binding
forces and structural motifs influencing the binding affinity by the use of equations [41].

XP Glide Score = Ecoul + EVdW + Ebind + Epenalty

Ebind = Ehyd_enclosure + Ehb_nn_motif + Ehb_cc_motif + EPI + Ehb_pair + Ephobic_pair

Epenalty = Edesolv + Eligand_strain

For each of the following descriptors, the energy (E) was calculated: Coulomb en-
ergy (Ecoul), van der Waals energy (EVdW), energy that promotes binding (Ebind), energy
that penalizes binding (Epenalty), hydrophobic enclosure (Ehyd_enclosure), special neutral-
neutral hydrogen-bond motifs (Ehb_nn_motif), special charged-charged hydrogen-bond mo-
tifs (Ehb_cc_motif), pi–cation interactions (EPI), hydrogen bond pairs (Ehb_pair), lipophilic
pairs (Ephobic_pair), and desolvation energy (Edesolv) [42].

2.5. Determination of the Half Maximal Inhibitory Concentration “IC50”

The in vitro cell viability of the free drug and the prepared nanocarriers was evaluated
using the colorimetric assay, MTS, following a 24-hour cell exposure of formulations to the
A172 and ANGM-CSS cells. The in vitro metabolic activity assessments of the free drug
and NLC formulations were performed using the MTS assay, according to the modified
method published by Alzahrani et al. [43]. The culturing of the utilized human glioblastoma
cells was routinely maintained in DMEM, supplemented with streptomycin 100 µg/mL,
penicillin 100 U/mL, and 10% (v/v) fetal bovine serum (FBS). The cells were harvested using
trypsin and counted with the trypan blue exclusion test, followed by seeding 1.5 × 104 cells
per well into 96-well plates. The cells were incubated overnight in a cell culture incubator
at 37 ◦C and 5% CO2. A volume of 100 µL of increasing concentration of the free drug,
from 7.81 to 32,000 µg/mL, and the tested nanocarriers, from 7.81 to 500 µg/mL, was then
exposed to the human cells for 24 h. Cells incubated with 0.2% Triton X-100 were used as a
positive control to disrupt the cell membrane through solubilization of membrane lipids
and proteins, leading to cell lysis [44]; meanwhile, cells incubated with DMEM only were
used as a negative control. The consumed medium was aspirated from each well, then
100 µL of fresh DMEM was added, followed by 20 µL of the MTS reagent. The cells were
incubated for a further 3 h at 37 ◦C and 5% CO2. A Cytation 3 absorbance microplate reader
(BIOTEK Instruments Inc., Winooski, VT, USA) was used at 492 nm to measure the ability
of the cells to produce formazan color upon the living, and the cellular viability (%) was
calculated with the following equation:

Cellular Viability (%) = (S − T)/(H − T) × 100
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where S is the absorbance of the cells treated with the applied formulations, T is the
absorbance of the cells treated with Triton X-100, and H is the absorbance of the cells treated
with DMEM. The results are presented as the mean ± SD of at least three independent
measurements. Then, the half-maximal cell growth inhibitory concentration (IC50) was
calculated for all of the applied samples.

2.6. Statistical Analysis

The IC50 values were calculated using an online tool: AAT Bioquest, Inc., (Pleasanton,
CA, USA); Available online: https://www.aatbio.com/tools/ic50-calculator (accessed on
8 January 2023).

3. Results and Discussion
3.1. Characterization of the Prepared Nanocarriers

Nanostructure lipid carriers are part of a novel drug delivery system that has potential
formulations in the cosmetics and pharmaceutical markets due to their biocompatibility,
non-toxicity, high drug loading, stability, and improving bioavailability [45]. In this study,
PA-loaded nanostructure lipid carriers were developed using the melt-emulsion and low-
temperature solidification technique.

Stearic acid and cholesterol are commonly chosen components in formulating lipid-
based nanocarriers due to their unique properties that are essential for the success of these
drug delivery systems. Stearic acid, a hydrophobic molecule, is employed to create the
core of the lipid-based nanocarrier formulation. Stearic acid is typically a solid at room
temperature, contributing to the structural integrity of LNPs [46]. Cholesterol is incor-
porated to decrease the drug leakage from the prepared nanocarriers, as it increases the
membrane rigidity [47]. Cholesterol also decreases the permeability of the lipid bilayer
and enhances the biocompatibility of LNPs, which makes them more suitable for use in
biological systems. It reduces the chances of immune system recognition and clearance,
thus increasing the circulation time of LNPs in the bloodstream. The concentrations of
stearic acid, cholesterol, and Tween 80 were selected based on the optimization of these
component levels in our previously published research during the development of solid
lipid nanocarriers [32,48]. A graphical representation of the prepared drug-loaded nanos-
tructure lipid carrier is illustrated in Figure 1. The prepared medicated and non-medicated
nanocarriers were characterized for their size, PDI, and zeta potential. The average particle
size ranged from 248.67 ± 12.42 to 1124.21 ± 12.77 nm; the obtained values for the PDI
were 0.418 ± 0.043–0.509 ± 0.064, while the zeta potential was between −36.91 ± 1.31
and −15.20 ± 0.96 mV. Incorporation of the oil (either PA or sefsol) resulted in a marked
decrease in the particle size, from 1124.21 ± 12.77 nm in NLC3 to 330.47 ± 22.11nm in NLC1
and 248.67 ± 12.42 nm in NLC2. The effect may be attributed to the crystalline solid lipid
core of the NLC3 formulation when compared to the amorphous lipid core of the NLC1 and
NLC2 formulations. This explanation was previously mentioned by Aditya et al. during
an investigation into the effect of the physical state and composition of the incorporated
lipid substances on the formation and characterization of lipid nanocarriers [49]. All of the
prepared nanocarriers showed negatively charged particles, an effect that may be attributed
to the presence of stearic acid and cholesterol in all of the prepared nanocarriers. It was
previously mentioned that the preferred zeta potential value to obtain stable particles
should be >±30 [50]. Although the prepared nanocarriers have zeta potential values that
are lower than the recommended value, these values are sufficient to stabilize the prepared
nanocarriers by both electrostatic and steric stabilization [51]. Thermal and long-term
storage stability testing are recommended to assess the behavior of these nanocarriers
under different conditions. Finally, the prepared nanocarriers demonstrated good homo-
geneity, since they showed a PDI value lower than 0.7. A PDI value greater than 0.7 is an
indication of a broad particle size distribution, as reported by Danaei et al. [52]. The PDI
is very important in certain applications, such as cellular uptake [52], targeting specific
receptors [53], or crossing biological barriers [54]. A narrow size distribution may be critical
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to ensure consistent and efficient interactions with biological systems, and hence a positive
impact on the clinical effectiveness of the active pharmaceutical ingredient [55].
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Figure 1. Graphical representation of PA-loaded lipid-based nanocarrier formulation.

The size of lipid-based nanocarriers that have the ability to cross the blood–brain
barrier (BBB) can vary depending on the specific formulation and design of the nanocarrier.
However, in general, nanocarriers for drug delivery to the brain are typically designed to
be within the nanometer range. This is because the BBB is highly selective and restricts
the passage of larger molecules and particles [56]. Smaller molecules, such as nanocarriers
with diameters less than 100 nanometers, cross the BBB through a concentration gradient
with the assistance of passable transporters, while larger molecules (such as peptides and
proteins) may rely on an endocytic mechanism or other active transport mechanisms to
facilitate their entry into the brain [57]. Accordingly, the three prepared formulations,
NLC1, NLC2, and NLC3, demonstrated sizes of 330.47 ± 22.11, 248.67 ± 12.42, and
1124.21 ± 12.77 nm, respectively, and were expected to cross the BBB through an endocytic
mechanism. Additionally, the passage of the PA-loaded lipid-based nanocarrier formulation
via a concentration gradient is also possible, since this formulation illustrated a size of
100–160 nm, as shown in the TEM image of Figure 2. Optimization of the formulation
and processing parameters and surface modification of the nanocarrier surface will be
conducted in our future research. Administration of this nanocarrier via a nasal gel could
be another way for brain delivery, as previously described in our research [58].
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A TEM image for our drug-loaded lipid-based nanocarrier formulation is illustrated
in Figure 2. The results demonstrate that the studied lipid-based nanocarrier formulation is
spherical in shape. The formulation exhibits a size that is lower than that obtained using
DLS, an effect that may be attributed to sample dilution and proper dispersion prior to the
sample being mounted on the grid, which prevent particle agglomeration [59].

3.2. Molecular Docking Studies Analysis

Farnesyl alcohol is a type of organic compound known as an alcohol, and is linked
with the therapeutic potential of human farnesyltransferase (FTase). FTase is an enzyme
that is found in all eukaryotic cells, and its primary function is to catalyze the transfer
of farnesyl moieties onto proteins, thus playing an essential role in the post-translational
modification of proteins required for their function [60]. FTase inhibitors and activators can
be used to modulate the activity of this enzyme. Farnesyl alcohol can be used to activate
FTase, and it has been used to successfully regulate different physiological processes and
pathways, with evidence showing that it can be used for treating various cancer types,
immune and metabolic disorders, and pathogenic infections [61].

Perillyl alcohol and farnesyl alcohol are both monoterpenoids, and are related com-
pounds that exhibit a molecular bridge between cyclopentane and cyclohexane. The major
difference between the two compounds is that perillyl alcohol contains a cyclopentyl group,
while farnesyl alcohol contains a cyclohexyl group. After preparing FTase protein and
ligands, the 3D structures were loaded into the designated grid box in the prepared protein
(PDB-ID: 1LD7). FTase natively binds to farnesyl diphosphate, as well as to perillyl diphos-
phate, which were both placed into the co-crystallized active site of the farnesyltransferase.
Table 2 lists the docking scores determined from the minimum XP scores. Calculations of
several docking scores were carried out, including the Glide e-model, the Glide gscore, and
the XP gscore. The XP and Glide docking scores demonstrated that perillyl diphosphate
had binding activity to FTase, with a score of −9.628 kcal/mol, in comparison to farnesyl
diphosphate’s score of −11.963 kcal/mol (Figure 3).

Table 2. Docking scores determined from the minimum XP scores.

Compounds Docking Score XP Gscore Glide Gscore Glide Emodel

Farnesyl diphosphate −11.963 −11.963 −11.963 −142.926

Perillyl diphosphate −9.54 −9.628 −9.628 −124.045

The binding affinity of perillyl diphosphate with the protein was scrutinized. To
corroborate these results, the natural ligand farnesyl diphosphate was redocked next to
the perillyl diphosphate, and the positions of the docked molecules were studied. Figure 4
shows the bonding properties of the native ligand and FTase from 3D and 2D perspectives.
Both perillyl and farnesyl diphosphate have the same binding pattern with FTase, as they
bind with Arg 791 and Lys 794 via ionic interactions, and through hydrogen bonds with His
748, Arg 791, Lys 794, and Tyr 800; meanwhile, the hydrophobic parts of both molecules
bind with Tyr 751, Cys 754, and Trp 803.

Redocking studies were carried out by docking the co-crystallized ligand (farnesyl
diphosphate) back into the protein, in order to verify the accuracy of the docking process.
The primary goal was to evaluate the predicted binding posture’s accuracy by comparing it
with the farnesyl diphosphate crystallographic position. The anticipated binding pose has
a remarkable low root mean square deviation value of 0.9941, and closely approximates
the crystallographic pose. This observation firmly establishes a high degree of agreement
between farnesyl diphosphate’s expected and actual binding interactions (Figure 5).



Biomedicines 2023, 11, 2771 9 of 15

Biomedicines 2023, 11, x FOR PEER REVIEW 9 of 15 
 

The binding affinity of perillyl diphosphate with the protein was scrutinized. To cor-
roborate these results, the natural ligand farnesyl diphosphate was redocked next to the 
perillyl diphosphate, and the positions of the docked molecules were studied. Figure 4 
shows the bonding properties of the native ligand and FTase from 3D and 2D perspectives. 
Both perillyl and farnesyl diphosphate have the same binding pattern with FTase, as they 
bind with Arg 791 and Lys 794 via ionic interactions, and through hydrogen bonds with 
His 748, Arg 791, Lys 794, and Tyr 800; meanwhile, the hydrophobic parts of both mole-
cules bind with Tyr 751, Cys 754, and Trp 803. 

 
Figure 3. Molecular docking of farnesyl diphosphate in FTase (PDB: 1LD7). (A), 3D representation 
of farnesyl diphosphate in golden color within the active site, showing the H-bond (dashed yellow) 
and ionic interaction (dashed pink). (B), 2D representation of binding interactions of farnesyl di-
phosphate with amino acid residues in the active site within a 4 Å distance. 

 
Figure 4. Molecular docking of perillyl diphosphate in FTase (PDB: 1LD7). (A), 3D representation of 
perillyl diphosphate in pink color within the active site, showing the H-bond (dashed yellow) and 
ionic interaction (dashed pink). (B), 2D representation of binding interactions of perillyl diphos-
phate with amino acid residues in the active site within a 4 Å distance. 

Figure 3. Molecular docking of farnesyl diphosphate in FTase (PDB: 1LD7). (A), 3D representation of
farnesyl diphosphate in golden color within the active site, showing the H-bond (dashed yellow) and
ionic interaction (dashed pink). (B), 2D representation of binding interactions of farnesyl diphosphate
with amino acid residues in the active site within a 4 Å distance.

Biomedicines 2023, 11, x FOR PEER REVIEW 9 of 15 
 

The binding affinity of perillyl diphosphate with the protein was scrutinized. To cor-
roborate these results, the natural ligand farnesyl diphosphate was redocked next to the 
perillyl diphosphate, and the positions of the docked molecules were studied. Figure 4 
shows the bonding properties of the native ligand and FTase from 3D and 2D perspectives. 
Both perillyl and farnesyl diphosphate have the same binding pattern with FTase, as they 
bind with Arg 791 and Lys 794 via ionic interactions, and through hydrogen bonds with 
His 748, Arg 791, Lys 794, and Tyr 800; meanwhile, the hydrophobic parts of both mole-
cules bind with Tyr 751, Cys 754, and Trp 803. 

 
Figure 3. Molecular docking of farnesyl diphosphate in FTase (PDB: 1LD7). (A), 3D representation 
of farnesyl diphosphate in golden color within the active site, showing the H-bond (dashed yellow) 
and ionic interaction (dashed pink). (B), 2D representation of binding interactions of farnesyl di-
phosphate with amino acid residues in the active site within a 4 Å distance. 

 
Figure 4. Molecular docking of perillyl diphosphate in FTase (PDB: 1LD7). (A), 3D representation of 
perillyl diphosphate in pink color within the active site, showing the H-bond (dashed yellow) and 
ionic interaction (dashed pink). (B), 2D representation of binding interactions of perillyl diphos-
phate with amino acid residues in the active site within a 4 Å distance. 

Figure 4. Molecular docking of perillyl diphosphate in FTase (PDB: 1LD7). (A), 3D representation of
perillyl diphosphate in pink color within the active site, showing the H-bond (dashed yellow) and
ionic interaction (dashed pink). (B), 2D representation of binding interactions of perillyl diphosphate
with amino acid residues in the active site within a 4 Å distance.



Biomedicines 2023, 11, 2771 10 of 15

Biomedicines 2023, 11, x FOR PEER REVIEW 10 of 15 
 

Redocking studies were carried out by docking the co-crystallized ligand (farnesyl 
diphosphate) back into the protein, in order to verify the accuracy of the docking process. 
The primary goal was to evaluate the predicted binding posture’s accuracy by comparing 
it with the farnesyl diphosphate crystallographic position. The anticipated binding pose 
has a remarkable low root mean square deviation value of 0.9941, and closely approxi-
mates the crystallographic pose. This observation firmly establishes a high degree of 
agreement between farnesyl diphosphate’s expected and actual binding interactions (Fig-
ure 5). 

 
Figure 5. Redocking experiments to validate docking accuracy. Co-crystallized ligand (farnesyl di-
phosphate) was redocked into the prepared protein, comparing predicted binding pose (pink) with 
crystallographic pose (green) of farnesyl diphosphate. 

3.3. Antiproliferative Activity against ANGM-CSS and A172 Cells 
The assessment of drug formulation efficacy on living cancerous cells is an important 

step to prove its suitability for therapeutic applications. Different doses of PA and NLC 
formulations exposed to A172 and ANGM-CSS cells (Figure 6A,B) were evaluated over a 
24-hour period, and the results are summarized in Table 3. 

Table 3. IC50 values for free drug and NLC formulations obtained upon 24-hour exposure of the 
glioblastoma cell lines A172 and ANGM-CSS. 

Formulations IC50 (µg/mL) 
A172 Cells ANGM-CSS Cells 

Free drug 21,449.449 22,036.925 
NLC1 109.717 110.576 
NLC2 274.671 287.126 
NLC3 353.244 335.586 

Increasing the concentration of PA essential oil exhibited high antiproliferative activ-
ity for both of the glioblastoma cell lines at only the highest dose applied (32,000 µg/mL). 
This is inconsistent with a previous study on brain cancer cells that reported the applica-
tion of PA inhibits the viability of glioblastomas in a dose-dependent manner [62]. The 
IC50 values for the PA drug were calculated to be 21,449.449 µg/mL and 22,036.925 µg/mL 
for the A172 and ANGM-CSS cells, respectively. The loading of PA into the nanocarrier 
delivery system (NLC1 formulation) showed a far lower IC50 value of 109.717 µg/mL in 
the A172 cells, and 110.576 µg/mL in the ANGM-CSS cells when compared to the sefsol-
based formulation (NLC2) and the positive control non-medicated nanocarriers (NLC3). 
The NLC2 formulation revealed a higher IC50 of 274.671 µg/mL on the A172 cells, and an 
IC50 of 287.126 µg/mL on the ANGM-CSS cells following the incubation of the formula-
tions for 24 h. The LNC3 formulation demonstrated IC50 values of 353.24 and 335.58 

Figure 5. Redocking experiments to validate docking accuracy. Co-crystallized ligand (farnesyl
diphosphate) was redocked into the prepared protein, comparing predicted binding pose (pink) with
crystallographic pose (green) of farnesyl diphosphate.

3.3. Antiproliferative Activity against ANGM-CSS and A172 Cells

The assessment of drug formulation efficacy on living cancerous cells is an important
step to prove its suitability for therapeutic applications. Different doses of PA and NLC
formulations exposed to A172 and ANGM-CSS cells (Figure 6A,B) were evaluated over a
24-hour period, and the results are summarized in Table 3.

Table 3. IC50 values for free drug and NLC formulations obtained upon 24-hour exposure of the
glioblastoma cell lines A172 and ANGM-CSS.

Formulations
IC50 (µg/mL)

A172 Cells ANGM-CSS Cells

Free drug 21,449.449 22,036.925
NLC1 109.717 110.576
NLC2 274.671 287.126
NLC3 353.244 335.586

Increasing the concentration of PA essential oil exhibited high antiproliferative activity
for both of the glioblastoma cell lines at only the highest dose applied (32,000 µg/mL). This
is inconsistent with a previous study on brain cancer cells that reported the application
of PA inhibits the viability of glioblastomas in a dose-dependent manner [62]. The IC50
values for the PA drug were calculated to be 21,449.449 µg/mL and 22,036.925 µg/mL
for the A172 and ANGM-CSS cells, respectively. The loading of PA into the nanocarrier
delivery system (NLC1 formulation) showed a far lower IC50 value of 109.717 µg/mL in the
A172 cells, and 110.576 µg/mL in the ANGM-CSS cells when compared to the sefsol-based
formulation (NLC2) and the positive control non-medicated nanocarriers (NLC3). The
NLC2 formulation revealed a higher IC50 of 274.671 µg/mL on the A172 cells, and an IC50
of 287.126 µg/mL on the ANGM-CSS cells following the incubation of the formulations
for 24 h. The LNC3 formulation demonstrated IC50 values of 353.24 and 335.58 µg/mL,
respectively, on the same cells as depicted in Table 3. These results suggest that PA-loaded
nanocarriers can be considered as potential anti-cancer therapy for glioblastoma at the
in vitro level, and that further in vitro and in vivo studies are important prior to claiming
the suitability of this delivery system for brain therapy.
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It must be mentioned that while non-medicated nanocarriers do not contain therapeu-
tic agents, they can still exhibit anti-cancer activity due to their accumulation within the
cancer cells, owing to the permeation and retention effect [63]; this effect allows nanocarriers
to stay in the tumor tissue longer, increasing their chances of interacting with cancer cells.

Therefore, the overall results indicate the role of lipid-based nanocarriers toward
improving the solubility of PA through encapsulation of the drug in the nanocarriers’ core,
which minimizes the exposure of PA to water, preventing its aggregation or precipitation.
By encapsulating PA within these nanocarriers, it becomes possible to enhance its solubility
and overall therapeutic potential.

4. Conclusions

In this research, three lipid-based nanocarriers containing stearic acid and cholesterol
as the main components were prepared utilizing a melt-emulsion and low-temperature
solidification technique. It was observed that including essential oils, either PA or sefsol,
reduces the size and the intensity of the negative charge, as observed in the NLC1 and
NLC2 formulations, in comparison to NLC3. In terms of the docking site, PA showed a
binding activity to human farnesyltransferase. Thereafter, the antiproliferative activity of
the prepared formulations was evaluated in two cancerous glioblastoma cell lines, which
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are the A172 and ANGM-CSS cells. This was performed by measuring the IC50 values after
MTS assay evaluation. It was clearly observed that both NLC1 and NLC2 have a lower IC50
in both cell lines compared to NLC3, which does not contain any essential oil. Interestingly,
the IC50 of NLC1, which contains PA, was lowered to more than half the IC50 of NLC2,
which contains sefsol as a positive control in both cell lines. Together, this research provides
a novel delivery platform of PA-loaded nanocarriers with the potential to be administered
for the treatment of brain cancer after loading into a suitable dosage form such as intranasal
gels, solutions, or suspensions. This platform has the advantage of overcoming existing
challenges of free drugs, including crossing the blood–brain barrier. Moreover, these
nanocarriers can be incorporated into other dosage forms, such as creams, gels, suspensions,
or oral capsules, making them adaptable to different routes of administration and patient
preferences. This adaptability not only improves patient compliance, but also opens up
opportunities for targeted and localized drug delivery, reducing side effects, and enhancing
overall treatment outcomes. Future in vivo studies are warranted to demonstrate the
efficacy of the formulated nanocarriers, and to investigate the pharmacokinetics after
loading of the prepared drug nanocarrier in a suitable dosage form.

Author Contributions: Conceptualization, T.A.A., A.M.A. and K.M.E.-S.; data curation, A.M.O.,
A.M.A., K.M.E.-S. and T.A.A.; investigation, W.S.A., A.A.A., F.A.A. and T.A.A.; methodology, R.M.A.,
M.A.A. and T.A.A.; resources, W.S.A. and T.A.A.; supervision, T.A.A., A.A.A. and W.S.A.; validation,
T.A.A. and A.M.O.; writing—original draft, A.A.A., F.A.A., R.M.A., M.A.A., A.M.O. and T.A.A.;
writing—review and editing, A.A.A., A.M.O. and T.A.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz
University (KAU), Jeddah, Saudi Arabia, under grant no. (RG-35-166-43).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The Deanship of Scientific Research (DSR) at King Abdulaziz University (KAU),
Jeddah, Saudi Arabia, has funded this project.

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

References
1. Bakkali, F.; Averbeck, S.; Averbeck, D.; Idaomar, M. Biological effects of essential oils—A review. Food Chem. Toxicol. 2008, 46,

446–475. [CrossRef] [PubMed]
2. Masyita, A.; Sari, R.M.; Astuti, A.D.; Yasir, B.; Rumata, N.R.; Emran, T.B.; Nainu, F.; Simal-Gandara, J. Terpenes and terpenoids as

main bioactive compounds of essential oils, their roles in human health and potential application as natural food preservatives.
Food Chem. X 2022, 13, 100217. [CrossRef] [PubMed]

3. Del Prado-Audelo, M.L.; Cortés, H.; Caballero-Florán, I.H.; González-Torres, M.; Escutia-Guadarrama, L.; Bernal-Chávez, S.A.;
Giraldo-Gomez, D.M.; Magaña, J.J.; Leyva-Gómez, G. Therapeutic Applications of Terpenes on Inflammatory Diseases. Front.
Pharmacol. 2021, 12, 704197. [CrossRef]

4. Fernández-Ochoa, Á.; Leyva-Jiménez, F.J.; De la Luz Cádiz-Gurrea, M.; Pimentel-Moral, S.; Segura-Carretero, A. The Role of
High-Resolution Analytical Techniques in the Development of Functional Foods. Int. J. Mol. Sci. 2021, 22, 3220. [CrossRef]

5. Chen, T.C.; da Fonseca, C.O.; Levin, D.; Schönthal, A.H. The monoterpenoid perillyl alcohol: Anticancer agent and medium to
overcome biological barriers. Pharmaceutics 2021, 13, 2167. [CrossRef]

6. Crowell, P.L.; Lin, S.; Vedejs, E.; Gould, M.N. Identification of metabolites of the antitumor agent d-limonene capable of inhibiting
protein isoprenylation and cell growth. Cancer Chemother. Pharmacol. 1992, 31, 205–212. [CrossRef] [PubMed]

7. Crowell, P.L.; Ren, Z.; Lin, S.; Vedejs, E.; Gould, M.N. Structure-activity relationships among monoterpene inhibitors of protein
isoprenylation and cell proliferation. Biochem. Pharmacol. 1994, 47, 1405–1415. [CrossRef]

8. Gelb, M.H.; Tamanoi, F.; Yokoyama, K.; Ghomashchi, F.; Esson, K.; Gould, M.N. The inhibition of protein prenyltransferases by
oxygenated metabolites of limonene and perillyl alcohol. Cancer Lett. 1995, 91, 169–175. [CrossRef]

9. Crowell, P.L.; Chang, R.R.; Ren, Z.; Elson, C.E.; Gould, M.N. Selective inhibition of isoprenylation of 21-26-kDa proteins by the
anticarcinogen d-limonene and its metabolites. J. Biol. Chem. 1991, 266, 17679–17685. [CrossRef]

https://doi.org/10.1016/j.fct.2007.09.106
https://www.ncbi.nlm.nih.gov/pubmed/17996351
https://doi.org/10.1016/j.fochx.2022.100217
https://www.ncbi.nlm.nih.gov/pubmed/35498985
https://doi.org/10.3389/fphar.2021.704197
https://doi.org/10.3390/ijms22063220
https://doi.org/10.3390/pharmaceutics13122167
https://doi.org/10.1007/BF00685549
https://www.ncbi.nlm.nih.gov/pubmed/1464157
https://doi.org/10.1016/0006-2952(94)90341-7
https://doi.org/10.1016/0304-3835(95)03747-K
https://doi.org/10.1016/S0021-9258(19)47425-5


Biomedicines 2023, 11, 2771 13 of 15

10. Ariazi, E.A.; Satomi, Y.; Ellis, M.J.; Haag, J.D.; Shi, W.; Sattler, C.A.; Gould, M.N. Activation of the transforming growth factor β
signaling pathway and induction of cytostasis and apoptosis in mammary carcinomas treated with the anticancer agent perillyl
alcohol. Cancer Res. 1999, 59, 1917–1928.

11. Koyama, M.; Sowa, Y.; Hitomi, T.; Iizumi, Y.; Watanabe, M.; Taniguchi, T.; Ichikawa, M.; Sakai, T. Perillyl alcohol causes G1 arrest
through p15INK4b and p21 WAF1/Cip1 induction. Oncol. Rep. 2013, 29, 779–784. [CrossRef] [PubMed]

12. Wiseman, D.A.; Werner, S.R.; Crowell, P.L. Cell cycle arrest by the isoprenoids perillyl alcohol, geraniol, and farnesol is mediated
by p21Cip1 and p27Kip1 in human pancreatic adenocarcinoma cells. J. Pharmacol. Exp. Ther. 2007, 320, 1163–1170. [CrossRef]

13. Yuri, T.; Danbara, N.; Tsujita-Kyutoku, M.; Kiyozuka, Y.; Senzaki, H.; Shikata, N.; Kanzaki, H.; Tsubura, A. Perillyl alcohol inhibits
human breast cancer cell growth in vitro and in vivo. Breast Cancer Res. Treat. 2004, 84, 251–260. [CrossRef] [PubMed]

14. Satomi, Y.; Miyamoto, S.; Gould, M.N. Induction of AP-1 activity by perillyl alcohol in breast cancer cells. Carcinogenesis 1999, 20,
1957–1961. [CrossRef] [PubMed]

15. Sundin, T.; Peffley, D.M.; Hentosh, P. Disruption of an hTERT-mTOR-RAPTOR protein complex by a phytochemical perillyl
alcohol and rapamycin. Mol. Cell. Biochem. 2013, 375, 97–104. [CrossRef]

16. Sundin, T.; Peffley, D.M.; Gauthier, D.; Hentosh, P. The isoprenoid perillyl alcohol inhibits telomerase activity in prostate cancer
cells. Biochimie 2012, 94, 2639–2648. [CrossRef]

17. Garcia, D.G.; Amorim, L.M.F.; Faria, M.V.d.C.; Freire, A.S.; Santelli, R.E.; Da Fonseca, C.O.; Quirico-Santos, T.; Burth, P. The
anticancer drug perillyl alcohol is a Na/K-ATPase inhibitor. Mol. Cell. Biochem. 2010, 345, 29–34. [CrossRef]

18. Garcia, D.G.; de Castro-Faria-Neto, H.C.; da Silva, C.I.; de Souza e Souza, K.F.; Gonçalves-de-Albuquerque, C.F.; Silva, A.R.; de
Amorim, L.M.; Freire, A.S.; Santelli, R.E.; Diniz, L.P.; et al. Na/K-ATPase as a target for anticancer drugs: Studies with perillyl
alcohol. Mol. Cancer. 2015, 14, 105. [CrossRef]

19. Tabassum, R.; Vaibhav, K.; Shrivastava, P.; Khan, A.; Ahmed, M.E.; Ashafaq, M.; Khan, M.B.; Islam, F.; Safhi, M.M.; Islam, F.
Perillyl alcohol improves functional and histological outcomes against ischemia-reperfusion injury by attenuation of oxidative
stress and repression of COX-2, NOS-2 and NF-κB in middle cerebral artery occlusion rats. Eur. J. Pharmacol. 2015, 747, 190–199.
[CrossRef]

20. Khan, A.Q.; Nafees, S.; Sultana, S. Perillyl alcohol protects against ethanol induced acute liver injury in Wistar rats by inhibiting
oxidative stress, NFκ-B activation and proinflammatory cytokine production. Toxicology 2011, 279, 108–114. [CrossRef]

21. Berchtold, C.M.; Chen, K.S.; Miyamoto, S.; Gould, M.N. Perillyl alcohol inhibits a calcium-dependent constitutive nuclear
factor-κB pathway. Cancer Res. 2005, 65, 8558–8566. [CrossRef]

22. Ma, Y.; Bian, J.; Zhang, F. Inhibition of perillyl alcohol on cell invasion and migration depends on the Notch signaling pathway in
hepatoma cells. Mol. Cell. Biochem. 2016, 411, 307–315. [CrossRef]

23. Ma, J.; Li, J.; Wang, K.S.; Mi, C.; Piao, L.X.; Xu, G.H.; Li, X.; Lee, J.J.; Jin, X. Perillyl alcohol efficiently scavenges activity of
cellular ROS and inhibits the translational expression of hypoxia-inducible factor-1α via mTOR/4E-BP1 signaling pathways. Int.
Immunopharmacol. 2016, 39, 1–9. [CrossRef] [PubMed]

24. Cho, H.-Y.; Wang, W.; Jhaveri, N.; Torres, S.; Tseng, J.; Leong, M.N.; Lee, D.J.; Goldkorn, A.; Xu, T.; Petasis, N.A.; et al. Perillyl
alcohol for the treatment of temozolomide-resistant gliomas. Mol. Cancer Ther. 2012, 11, 2462–2472. [CrossRef] [PubMed]

25. Bailey, H.H.; Levy, D.; Harris, L.S.; Schink, J.C.; Foss, F.; Beatty, P.; Wadler, S. A phase II trial of daily perillyl alcohol in patients
with advanced ovarian cancer: Eastern cooperative oncology group study E2E96. Gynecol. Oncol. 2002, 85, 464–468. [CrossRef]
[PubMed]

26. Bailey, H.H.; Attia, S.; Love, R.R.; Fass, T.; Chappell, R.; Tutsch, K.; Harris, L.; Jumonville, A.; Hansen, R.; Shapiro, G.R.; et al.
Phase II trial of daily oral perillyl alcohol (NSC 641066) in treatment-refractory metastatic breast cancer. Cancer Chemother.
Pharmacol. 2008, 62, 149–157. [CrossRef] [PubMed]

27. Liu, G.; Oettel, K.; Bailey, H.; Van Ummersen, L.; Tutsch, K.; Staab, M.J.; Horvath, D.; Alberti, D.; Arzoomanian, R.; Rezazadeh, H.;
et al. Phase II trial of perillyl alcohol (NSC 641066) administered daily in patients with metastatic androgen independent prostate
cancer. Investig. New Drugs 2003, 21, 367–372. [CrossRef]

28. Matos, J.M.; Schmidt, C.M.; Thomas, H.J.; Cummings, O.W.; Wiebke, E.A.; Madura, J.A.; Patrick, L.J.; Crowell, P. A Pilot Study of
Perillyl Alcohol in Pancreatic Cancer. J. Surg. Res. 2008, 147, 194–199. [CrossRef]

29. Meadows, S.M.; Mulkerin, D.; Berlin, J.; Bailey, H.; Kolesar, J.; Warren, D.; Thomas, J.P. Phase II trial of perillyl alcohol in patients
with metastatic colorectal cancer. Int. J. Gastrointest. Cancer 2002, 32, 125–128. [CrossRef]

30. Miastkowska, M.; Konieczna, M.; Lason, E.; Tabaszewska, M.; Sikora, E.; Ogonowski, J. The Release of Perillyl Alcohol from the
Different Kind of Vehicles. Curr. Pharm. Biotechnol. 2018, 19, 573–580. [CrossRef]

31. Peczek, S.H.; Tartari, A.P.S.; Zittlau, I.C.; Diedrich, C.; Machado, C.S.; Mainardes, R.M. Enhancing Oral Bioavailability and Brain
Biodistribution of Perillyl Alcohol Using Nanostructured Lipid Carriers. Pharmaceuticals 2023, 16, 1055. [CrossRef]

32. Ahmed, T.A.; Badr-Eldin, S.M.; Ahmed, O.A.A.; Aldawsari, H. Intranasal optimized solid lipid nanoparticles loaded in situ gel
for enhancing trans-mucosal delivery of simvastatin. J. Drug Deliv. Sci. Technol. 2018, 48, 499–508. [CrossRef]

33. Ahmad, M.; Sahabjada; Akhtar, J.; Hussain, A.; Badaruddeen; Arshad, H.; Mishra, A. Development of a new rutin nanoemulsion
and its application on prostate carcinoma PC3 cell line. EXCLI J. 2017, 16, 810–823.

34. Jamal, A.; Asseri, A.H.; Ali, E.M.M.; El-Gowily, A.H.; Khan, M.I.; Hosawi, S.; Alsolami, R.; Ahmed, T.A. Preparation of 6-
Mercaptopurine Loaded Liposomal Formulation for Enhanced Cytotoxic Response in Cancer Cells. Nanomaterials 2022, 12, 4029.
[CrossRef] [PubMed]

https://doi.org/10.3892/or.2012.2167
https://www.ncbi.nlm.nih.gov/pubmed/23233050
https://doi.org/10.1124/jpet.106.111666
https://doi.org/10.1023/B:BREA.0000019966.97011.4d
https://www.ncbi.nlm.nih.gov/pubmed/15026623
https://doi.org/10.1093/carcin/20.10.1957
https://www.ncbi.nlm.nih.gov/pubmed/10506111
https://doi.org/10.1007/s11010-012-1532-3
https://doi.org/10.1016/j.biochi.2012.07.028
https://doi.org/10.1007/s11010-010-0556-9
https://doi.org/10.1186/s12943-015-0374-5
https://doi.org/10.1016/j.ejphar.2014.09.015
https://doi.org/10.1016/j.tox.2010.09.017
https://doi.org/10.1158/0008-5472.CAN-04-4072
https://doi.org/10.1007/s11010-015-2593-x
https://doi.org/10.1016/j.intimp.2016.06.034
https://www.ncbi.nlm.nih.gov/pubmed/27394002
https://doi.org/10.1158/1535-7163.MCT-12-0321
https://www.ncbi.nlm.nih.gov/pubmed/22933703
https://doi.org/10.1006/gyno.2002.6647
https://www.ncbi.nlm.nih.gov/pubmed/12051875
https://doi.org/10.1007/s00280-007-0585-6
https://www.ncbi.nlm.nih.gov/pubmed/17885756
https://doi.org/10.1023/A:1025437115182
https://doi.org/10.1016/j.jss.2008.02.005
https://doi.org/10.1385/IJGC:32:2-3:125
https://doi.org/10.2174/1389201019666180730165330
https://doi.org/10.3390/ph16081055
https://doi.org/10.1016/j.jddst.2018.10.027
https://doi.org/10.3390/nano12224029
https://www.ncbi.nlm.nih.gov/pubmed/36432314


Biomedicines 2023, 11, 2771 14 of 15

35. da Fonseca, C.O.; Linden, R.; Futuro, D.; Gattass, C.R.; Quirico-Santos, T. Ras pathway activation in gliomas: A strategic target for
intranasal administration of perillyl alcohol. Arch. Immunol. Ther. Exp. 2008, 56, 267. [CrossRef] [PubMed]

36. Holstein, S.A.; Hohl, R.J. Monoterpene regulation of Ras and Ras-related protein expression. J. Lipid Res. 2003, 44, 1209–1215.
[CrossRef] [PubMed]

37. Bell, I.M.; Gallicchio, S.N.; Abrams, M.; Beese, L.S.; Beshore, D.C.; Bhimnathwala, H.; Bogusky, M.J.; Buser, C.A.; Culberson,
J.C.; Davide, J.; et al. 3-Aminopyrrolidinone farnesyltransferase inhibitors: Design of macrocyclic compounds with improved
pharmacokinetics and excellent cell potency. J. Med. Chem. 2002, 45, 2388–2409. [CrossRef] [PubMed]

38. Olsson, M.H.M.; Søndergaard, C.R.; Rostkowski, M.; Jensen, J.H. PROPKA3: Consistent Treatment of Internal and Surface
Residues in Empirical pKa Predictions. J. Chem. Theory Comput. 2011, 7, 525–537. [CrossRef]

39. LigPrep; Schrödinger LLC.: New York, NY, USA, 2021. Available online: https://www.schrodinger.com/products/ligprep
(accessed on 12 February 2023).

40. Friesner, R.A.; Murphy, R.B.; Repasky, M.P.; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein-ligand complexes. J. Med. Chem.
2006, 49, 6177–6196. [CrossRef]

41. Glide; Schrödinger LLC.: New York, NY, USA, 2021. Available online: https://www.schrodinger.com/products/glide (accessed
on 12 February 2023).

42. Herrmann, F.C.; Sivakumar, N.; Jose, J.; Costi, M.P.; Pozzi, C.; Schmidt, T.J. In silico identification and in vitro evaluation of
natural inhibitors of leishmania major pteridine reductase I. Molecules 2017, 22, 2166. [CrossRef]

43. Alzahrani, N.M.; Booq, R.Y.; Aldossary, A.M.; Bakr, A.A.; Almughem, F.A.; Alfahad, A.J.; Alsharif, W.K.; Jarallah, S.J.; Alharbi,
W.S.; Alsudir, S.A.; et al. Liposome-Encapsulated Tobramycin and IDR-1018 Peptide Mediated Biofilm Disruption and Enhanced
Antimicrobial Activity against Pseudomonas aeruginosa. Pharmaceutics 2022, 14, 960. [CrossRef] [PubMed]

44. Bopp, S.K.; Lettieri, T. Comparison of four different colorimetric and fluorometric cytotoxicity assays in a zebrafish liver cell line.
BMC Pharmacol. 2008, 8, 8. [CrossRef] [PubMed]

45. Chauhan, I.; Yasir, M.; Verma, M.; Singh, A.P. Nanostructured Lipid Carriers: A Groundbreaking Approach for Transdermal Drug
Delivery. Adv. Pharm. Bull. 2020, 10, 150. [CrossRef] [PubMed]

46. Kalaycioglu, G.D.; Aydogan, N. Preparation and investigation of solid lipid nanoparticles for drug delivery. Colloids Surfaces A
Physicochem. Eng. Asp. 2016, 510, 77–86. [CrossRef]

47. Hald Albertsen, C.; Kulkarni, J.A.; Witzigmann, D.; Lind, M.; Petersson, K.; Simonsen, J.B. The role of lipid components in lipid
nanoparticles for vaccines and gene therapy. Adv. Drug Deliv. Rev. 2022, 188, 114416. [CrossRef]

48. Kurakula, M.; Ahmed, O.A.A.; Fahmy, U.A.; Ahmed, T.A. Solid lipid nanoparticles for transdermal delivery of avanafil:
Optimization, formulation, in-vitro and ex-vivo studies. J. Liposome Res. 2016, 26, 288–296. [CrossRef]

49. Aditya, N.; Macedo, A.S.; Doktorovova, S.; Souto, E.B.; Kim, S.; Chang, P.-S.; Ko, S. Development and evaluation of lipid
nanocarriers for quercetin delivery: A comparative study of solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC),
and lipid nanoemulsions (LNE). LWT-Food Sci. Technol. 2014, 59, 115–121. [CrossRef]

50. Müller, R.H.; Jacobs, C.; Kayser, O. Nanosuspensions as particulate drug formulations in therapy: Rationale for development and
what we can expect for the future. Adv. Drug Deliv. Rev. 2001, 47, 3–19. [CrossRef]

51. Zimmermann, E.; Müller, R.H. Electrolyte- and pH-stabilities of aqueous solid lipid nanoparticle (SLNTM) dispersions in artificial
gastrointestinal media. Eur. J. Pharm. Biopharm. 2001, 52, 203–210. [CrossRef]

52. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

53. Perrault, S.D.; Walkey, C.; Jennings, T.; Fischer, H.C.; Chan, W.C.W. Mediating tumor targeting efficiency of nanoparticles through
design. Nano Lett. 2009, 9, 1909–1915. [CrossRef] [PubMed]

54. Ohta, S.; Kikuchi, E.; Ishijima, A.; Azuma, T.; Sakuma, I.; Ito, T. Investigating the optimum size of nanoparticles for their delivery
into the brain assisted by focused ultrasound-induced blood–brain barrier opening. Sci. Rep. 2020, 10, 18220. [CrossRef] [PubMed]

55. Folkesson, H.G.; Westrom, B.R.; Karlsson, B.W. Permeability of the respiratory tract to different-sized macromolecules after
intratracheal instillation in young and adult rats. Acta Physiol. Scand. 1990, 139, 347–354. [CrossRef]

56. Khan, M.S.; Mohapatra, S.; Gupta, V.; Ali, A.; Naseef, P.P.; Kurunian, M.S.; Alshadidi, A.A.F.; Alam, S.; Mirza, M.A.; Iqbal, Z.
Potential of Lipid-Based Nanocarriers against Two Major Barriers to Drug Delivery—Skin and Blood–Brain Barrier. Membranes
2023, 13, 343. [CrossRef] [PubMed]

57. Ahlawat, J.; Guillama Barroso, G.; Masoudi Asil, S.; Alvarado, M.; Armendariz, I.; Bernal, J.; Carabaza, X.; Chavez, S.; Cruz, P.;
Escalante, V.; et al. Nanocarriers as Potential Drug Delivery Candidatesfor Overcoming the Blood–Brain Barrier: Challenges and
Possibilities. ACS Omega 2020, 5, 12583. [CrossRef]

58. Ahmed, T.A.; El-Say, K.M.; Ahmed, O.A.; Aljaeid, B.M. Superiority of TPGS-loaded micelles in the brain delivery of vinpocetine
via administration of thermosensitive intranasal gel. Int. J. Nanomed. 2019, 14, 5555–5567. [CrossRef]

59. Ahmed, T.A. Preparation of finasteride capsules-loaded drug nanoparticles: Formulation, optimization, in vitro, and pharmacoki-
netic evaluation. Int. J. Nanomed. 2016, 11, 515–527. [CrossRef]

60. Palsuledesai, C.C.; Distefano, M.D. Protein Prenylation: Enzymes, Therapeutics, and BiotechnologyApplications. ACS Chem. Biol.
2015, 10, 51. [CrossRef]

https://doi.org/10.1007/s00005-008-0027-0
https://www.ncbi.nlm.nih.gov/pubmed/18726148
https://doi.org/10.1194/jlr.M300057-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/12671036
https://doi.org/10.1021/jm010531d
https://www.ncbi.nlm.nih.gov/pubmed/12036349
https://doi.org/10.1021/ct100578z
https://www.schrodinger.com/products/ligprep
https://doi.org/10.1021/jm051256o
https://www.schrodinger.com/products/glide
https://doi.org/10.3390/molecules22122166
https://doi.org/10.3390/pharmaceutics14050960
https://www.ncbi.nlm.nih.gov/pubmed/35631547
https://doi.org/10.1186/1471-2210-8-8
https://www.ncbi.nlm.nih.gov/pubmed/18513395
https://doi.org/10.34172/apb.2020.021
https://www.ncbi.nlm.nih.gov/pubmed/32373485
https://doi.org/10.1016/j.colsurfa.2016.06.034
https://doi.org/10.1016/j.addr.2022.114416
https://doi.org/10.3109/08982104.2015.1117490
https://doi.org/10.1016/j.lwt.2014.04.058
https://doi.org/10.1016/S0169-409X(00)00118-6
https://doi.org/10.1016/S0939-6411(01)00167-9
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.1021/nl900031y
https://www.ncbi.nlm.nih.gov/pubmed/19344179
https://doi.org/10.1038/s41598-020-75253-9
https://www.ncbi.nlm.nih.gov/pubmed/33106562
https://doi.org/10.1111/j.1748-1716.1990.tb08933.x
https://doi.org/10.3390/membranes13030343
https://www.ncbi.nlm.nih.gov/pubmed/36984730
https://doi.org/10.1021/acsomega.0c01592
https://doi.org/10.2147/IJN.S213086
https://doi.org/10.2147/IJN.S98080
https://doi.org/10.1021/cb500791f


Biomedicines 2023, 11, 2771 15 of 15

61. Joo, J.H.; Jetten, A.M. Molecular Mechanisms involved in Farnesol-Induced Apoptosis. Cancer Lett. 2010, 287, 123. [CrossRef]
62. Fernandes, J.; Da Fonseca, C.O.; Teixeira, A.; Gattass, C.R. Perillyl alcohol induces apoptosis in human glioblastoma multiforme

cells. Oncol. Rep. 2005, 13, 943–947. [CrossRef]
63. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for

drug delivery. Nat. Rev. Drug Discov. 2020, 20, 101–124. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.canlet.2009.05.015
https://doi.org/10.3892/or.13.5.943
https://doi.org/10.1038/s41573-020-0090-8
https://www.ncbi.nlm.nih.gov/pubmed/33277608

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Nanocarriers 
	Characterization of the Prepared Nanocarriers 
	Molecular Docking Study 
	Preparation of Protein 
	Ligand Preparation 
	Grid Generation and Molecular Docking 

	Determination of the Half Maximal Inhibitory Concentration “IC50” 
	Statistical Analysis 

	Results and Discussion 
	Characterization of the Prepared Nanocarriers 
	Molecular Docking Studies Analysis 
	Antiproliferative Activity against ANGM-CSS and A172 Cells 

	Conclusions 
	References

