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Abstract: Thymoquinone (TQ), which is one of the main bioactive constituents of Nigella sativa seeds,
has demonstrated its potential against various cancer models. The poor solubility of TQ in aqueous
solution limits its uses in clinical application. The present study aimed to develop a novel formulation
of TQ to increase its bioavailability and therapeutic potential with minimal toxicity. Polyethylene
glycol (PEG)-coated DSPC/cholesterol comprising TQ liposomes (PEG-Lip-TQ) were prepared and
characterized on various aspects. A computational investigation using molecular docking was used
to assess the possible binding interactions of TQ with 12 prospective anticancer drug targets. The
in vitro anticancer activity was assessed in A549 and H460 lung cancer cells in a time- and dose-
dependent manner, while the oral acute toxicity assay was evaluated in silico as well as in vivo in
mice. TQ docked to the Hsp90 target had the lowest binding energy of −6.05 kcal/mol, whereas
caspase 3 was recognized as the least likely target for TQ with a binding energy of −1.19 kcal/mol.
The results showed 96% EE with 120 nm size, and −10.85 mv, ζ-potential of PEG-Lip-TQ, respectively.
The cell cytotoxicity data demonstrated high sensitivity of PEG-Lip-TQ and a several fold decrease in
the IC50 while comparing free TQ. The cell cycle analysis showed changes in the distribution of cells
with doses. The in vivo data revealed an ~9-fold increase in the LD50 of PEG-Lip-TQ on free TQ as
an estimated 775 and 89.5 mg/kg b.w, respectively. This study indicates that the pharmacological
and efficacy profile of PEG-lip-TQ is superior to free TQ, which will pave the way for an exploration
of the effect of TQ formulation in the treatment of lung cancer in clinical settings.

Keywords: TQ-PEGylated liposomes; lung cancer cells; acute toxicity; molecular docking

1. Introduction

According to Global Cancer Observatory, cancer is the second leading cause of mor-
tality in developed as well as developing countries, as 9.5 million deaths associated with
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cancer were recorded worldwide [1]. The statistical data from GLOBOCAN 2021 suggested
that breast and lung cancer are the most commonly diagnosed cancer among all types at
11.7% and 11.4%, respectively. However, the latter was reported as the leading cause of
death with an estimated 1.8 million mortalities (18%) [1].

Several strategies have been growing to develop a novel anticancer drug with a high
therapeutic index and minimal toxicity [2,3]. The use of secondary metabolites has shown
immense development for the treatment of various types of diseases, including cancer,
due to the claim of their no toxic effect. As most of the secondary metabolites are dietary
constituents, these are also known as nutraceuticals [4,5]. The data from several studies
suggested that 33% of cancer deaths could be saved by changing dietary habits with a
high amount of natural foods [6]. Keeping this fact in consideration, drugs from natural
sources have been used traditionally since ancient times in different parts of the world [7].
Furthermore, 50% of drugs that are available in the market are either derived from plants
or chemically adapted [8,9]. Thymoquinone (TQ) is one of main bioactive constituents of
black seeds (Nigella sativa), which has been shown to have many health-promoting benefits,
including cancer prevention and treatment [10–12]. The use of black seeds and its oil has a
long history in the treatment of several diseases as antidiabetic, antibacterial, antifungal,
anticancer, etc. in South Asian, Arab, African, and Mediterranean countries [13,14]. As
evident from various studies, TQ has been reported to be a remarkable therapeutic agent
affecting multiple molecular pathways that regulate cellular proliferation, apoptosis, and
metastasis [12,15,16]. However, irrespective of its wide therapeutic efficacy, the clinical
application of TQ is limited due to its poor solubility in aqueous medium. Therefore,
an appropriate formulation of TQ is necessary to explore the potential of this amazing
agent against several diseases [17,18]. We recently reported the therapeutic potential of
Lip-TQ against drug-sensitive and drug-resistant A. baumannii infections in the lungs of
mice [19]. Earlier, we characterized the TQ-loaded liposomes and evaluated its therapeutic
efficacy against the systemic infection of Candida albicans in diabetic mice [20]. Several
studies also suggested the therapeutic potential and/or synergistic effect of TQ, while
being incorporated in liposomes against a breast cancer system [21,22]. Nevertheless, the
development of liposomes to target extra-RES (reticular endothelial system) is one of the
major challenges as it should be taken minimally by RES. The coating of the liposomes with
polyethylene glycol enhances the stability of the liposomes and protects it from recognition
by RES. These long-circulating PEGylated liposomes are also called sterically stabilized
or stealth liposomes. The optimal stability of the liposomal formulations can retain the
entrapped drug in circulation for a long time, reach the target sites, and exert its cytotoxic
activities in cancer cells [23–25].

However, it has been noticed that most of the secondary metabolites have not been as
evaluated as much as other synthetic drugs at the toxicity level due to the misconception
of ‘no toxicity’ of herbal medicines [26–29]. If any of the secondary metabolite has been
found as a potential therapeutic agent, an evaluation of its LD50 and safety level of the
doses is required. It has been found that in vivo acute and sub-acute oral toxicity assay is
one of the most significant approached to determine the LD50 as well as the safety dose
level [30–32]. Recently, in silico determination of the LD50 and safety dose level has also
been given attention, which can help in dose selection and possible molecular targets of the
drug [33,34]. Moreover, the use of computational and molecular modeling techniques has
evolved in close parallel with experimentation. Homology modeling, density functional
theory, quantitative structure–activity relationships, molecular docking, and molecular
dynamics are some of the in silico approaches used to comprehend the molecular features
of biological systems [35,36].

Our study was focused on the development and characterization of long-circulating
TQ liposomes and their anticancer efficacy against the lung cancer system in vitro. We
also evaluated in vivo acute oral toxicity of free and liposomal TQ to determine its LD50
and safety dose level. In addition, the in silico toxicity of free TQ was also estimated.
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Molecular docking was utilized to interpret the molecular interactions of TQ with lung
cancer therapeutic targets.

2. Methods
2.1. Reagents

Distearoyl phosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphatiylethanol-
amine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2000), and Cholesterol (Chol)
were procured from Sigma-Aldrich (St. Louis, MO, USA). The Cell Cytotoxicity Assay kits
(ab112118), Benzo [a] Pyrene (BaP) were, purchased from Abcam (Cambridge, USA). Dul-
becco’s Modified Eagle Medium (DMEM) and Fetal Bovine Serum (FBS) were purchased
from Life Technologies, USA. A549 (ECACC 86012804), NCL-H358 (ECACC 95111733)
were commercially purchased from ECACC (European Collection of Cell Cultures), Salis-
bury, UK.

2.2. Preparation of Thymoquinone Entrapped Liposomes

TQ encapsulated DSPC/Chol/mPEG-DSPE comprising long-circulating stealth lipo-
somes were prepared as described in our previous studies with minor modifications [20,37].
Briefly, the DSPC: Chol (49:21) mmoles with mPEG-DSPE (5% of total phospholipids) and
TQ (1% of total phospholipids) were prepared by the lipid film method. All the ingredients
were mixed in a round bottom flask and then the solvents were evaporated to make the
thin lipid film using a rotary evaporator in an N2 environment. The multilamellar vesicles
(MLVs) were prepared by hydrating the lipid film with PBS followed by sonication to make
ULVs using a probe sonicator. The suspension of ULVs was then extruded using a hand-
held extruder at ambient temperature sequentially from 400, 200, and 100 nm decreasing
pore-sized polycarbonate membranes with 5–10 cycles for each size of the membrane. The
unentrapped TQ was removed as the supernatant was discarded following centrifugation
of TQ containing liposomes at 30,000 rpm for 30 min.

2.3. Molecular Docking Studies

We collected three-dimensional crystal structures of various anticancer targets from
the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB,
http://www.rcsb.org/PDB, accessed on 20 September 2021). Table S1 lists all of the targets,
their PDB IDs, and docking predictions for their binding energies. Biovia Discovery Studio
Visualizer 2020 was used to remove co-crystallized water molecules, ligands, and cofactors
from each protein in turn. After adding Gasteiger charges in MGLTools 1.5.6, the pdbqt file
was saved. In MGL Tools 1.5.6, we defined the torsion tree and rotatable bonds in the TQ’s
three-dimensional chemical structure, which we then translated to pdbqt format from the
sdf format originally received from PubChem. Using Autogrid 4, we created grid maps of
the binding sites in each target based on the native co-crystallized ligands. For 10 separate
docking runs, AutoDock 4.2 was utilized with the Lamarckian genetic algorithm technique
and the default docking protocol [38]. To identify the optimum postures of TQ in each target,
we examined the binding energy (∆Gbinding, kcal/mol) and non-bond interaction profiles
of the top models of the ligand. Chimera 1.15, Pymol 1.7.4, and Biovia Discovery Studio
Visualizer 2020 were used to study the molecular interactions as reported earlier [39,40].

2.4. Characterization of Liposomes
2.4.1. The Size, Zeta (ζ) Potential (mV), and Poly Dispersity Index (PDI) and Entrapment
Efficiency (EE) of TQ Containing and Empty Liposomes

The entrapment efficiency (EE) of TQ was determined by taking the absorbance at
330 nm using a standard plot of TQ [41]. The concentration of TQ in the liposomes was
estimated after the disruption of liposomes with 0.5% Triton X-100. The percentage EE of
TQ was determined using the following formula:

http://www.rcsb.org/PDB
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% Entrapment Efficiency (EE)of the drug =
Liposome entrapped drug

Total drug
× 100

The mean particle sizes, zeta potentials, and PDI of prepared liposomes were de-
termined by dynamic light scattering (DLS) using the Zetasizer Nano system (Malvern
Instruments, Malvern, Worcestshire, UK).

2.4.2. In Vitro Stability of Liposomes and Release Kinetics of TQ

The stability of TQ-stealth liposomes was determined by an in vitro drug release assay
at 37 ◦C as described earlier [19]. Briefly, 1 mL of TQ containing PEGylated liposomes were
taken in dialysis bags (MWCO 3.5 kDA), and dialyzed for the next 24 h against 20 mL of
PBS with constant slow stirring. The sample (1 mL) was collected at various time points of 1,
2, 4, 8, 12, 18, and 24 h and replaced with 1 mL of PBS. The leakage of TQ was estimated by
the following formula after determining the concentration of TQ by taking the absorbance
at 330 nm in a UV-visible spectrophotometer.

The release kinetics of TQ from the PEGylated liposomes was assessed by incubating
the TQ containing liposomes in 90% bovine serum. The reaction mixtures were then
incubated for 1, 2, 4, 8, 12, and 24 h separately as described earlier [19]. The mixture
was then centrifuged immediately after the respective incubation period at 25,000 rpm for
20 min. The leakage and release of TQ in the PBS and serum, respectively, were estimated
by taking the absorbance at 330 nm in a UV-visible spectrophotometer by applying the
following formula:

TQ release (%) =
CnV + ∑n

i=0 CiVi
w

× 100%

where Cn is the concentration of TQ in the solution at the ‘n’ sampling point and Ci is the
concentration of TQ in the solution at the ‘I’ sampling point. V is the total solution (20 mL)
and Vi is the withdrawn volume every time (1 mL).

2.5. Cell Cytotoxicity Assay

The percentage of viability at varying concentrations of TQ was assessed to determine
the IC50 of free as well as liposomal TQ in the A549 and H460 lung cancer cell lines. Briefly,
the cells were seeded following 70–80% exponential confluency into 96-well cell culture
plates (10,000 cells/well) for 24 h. The cells were then treated with varying concentrations
of TQ as from 0.1–100 µM and incubated at 37 ◦C in a 5% CO2 atmosphere for 24, 48, and
72 h. As per the manufacturer’s instructions, the cell cytotoxicity reagent (20 µL) was
added after the treatment for the respective period in each well, and then incubated at
37 ◦C followed by the measurements at 590 nm in a microplate reader. The viability of the
cells was measured using the following formula:

% Cell Viability = 100 ×

(
Asample − A0

)
(ACtrl − A0)

Asample is the absorbance of FSE-treated cells.
Actrl is the absorbance of untreated cells.
A0 is the absorbance of the background of non-cell control (only media).

2.6. Cell Cycle Distribution Analysis

The IC10, IC25, and IC35 of PEG-Lip-TQ were selected to analyze the effect of liposomal
formulations of TQ on the cell cycle distribution in A549 and H460 lung cancer cell lines by
flow cytometry. The doses were measured as IC10 (3µM), IC25 (5 µM), and IC35 (7.2 µM) in
A549, while 5, 6.5, and 10 µM, respectively, in H460 cells. Briefly, 2.5 × 105 cells/well were
seeded in the 6-well plates for 24 h, and then treated with selected doses of PEG-Lip-TQ.
The cells were harvested, washed with sample buffer, and followed by fixation in 70%
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ice-cold ethanol in sample buffer overnight. The cells were suspended in the sample buffer
containing 50 µg/mL propidium iodide (PI) and 100 µg/mL Ribonuclease A (RNAse A)
followed by incubation at 37 ◦C for 30 min. The samples were acquired by MACSQuant
Analyzer 10, and the cytometry results were analyzed using FlowJo software v10.8.1.

2.7. Toxicity Study of TQ
2.7.1. In Silico Oral Toxicity Assay

The ProTox-II web server and T.E.S.T. program, Version 5.0.1, were used to analyze the
toxicity and lethal dose (LD50) of thymoquinone [42,43]. Smiles ID of the chemical structure
served as input in both programs. ProTox-II employs machine learning techniques to predict
various toxicities, whereas the T.E.S.T. tool is based on advanced quantitative structure–
activity relationship models to estimate the toxicity of natural or synthetic compounds, and
their applicability is widely accepted [44,45].

2.7.2. In Vivo Oral Acute Toxicity Assay

Female Swiss mice (8–10 weeks) were obtained from the animal house facility of the
King Saud University, Riyadh, Saudi Arabia. The experiments involving the animals were
carried out after the approval of the animal ethics committee of the College of Applied
Medical Sciences, Qassim University, following the guidelines of the University of London
Animal Welfare Society, Wheathampstead, England. All 57 mice were fasted overnight
before the treatment and the food was provided approximately one hour after the treatment.
The acute oral toxicity of TQ was investigated in the mice as the methods described by
Lorke 1983 in two phases as shown in Table 1 [31]. In the first phase, three mice in each
group were administered TQ through oral gavage as 0, 10, 100, and 1000 mg/kg b.w. in
200 µL of PBS, and observed for the next 14 days. The doses of the 2nd phase were prepared
as stated in Table 1, according to the observational data of phase 1, suggested by Lorke
1983 [31]. The doses of PEG-Lip-TQ more than 1000 mg/kg b.w were administered in two
to three times with the 4-h interval in 200 µL of PBS each time. The animals were exposed
to 200 µL PBS in TQ 0, while 200 µL of empty liposomes were given to PEG-Lip-TQ 0. All
the animals included in the study in both phases were observed regularly from the day of
the exposure for two weeks. At the end of 14 days, all surviving mice were sacrificed, and
then further studies were conducted to assess the toxicity of free TQ and PEG-Lip-TQ.

Table 1. Free TQ and PEG-Lip-TQ doses in both phases of the in vivo oral acute toxicity assay in
Swiss albino mice.

Phases Free TQ (mg/kg/b.w) PEG-Lip-TQ (mg/kg/b.w)

Phase-1 0, 10, 100, 1000 0, 10, 100, 1000
Phase-2 0, 20, 40, 80, 100, 160 0, 600, 1000, 1600, 2900

The LD50 was calculated by the formula:

LD50 =
√

D0 × D100

D0 = Highest dose that gave no mortality.
D100 = Lowest dose that produced mortality.

2.7.3. Assessment of Relative Organ Weight

All the mice were sacrificed after the completion of the 14-day experimental period.
The vital organs (lung, liver, kidney, heart, and spleen) were excised, and relative organ
weight (ROW) was measured using the formula as follows:

ROW =
Organ weight
Body weight

× 100
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2.7.4. Hematological Analyses

The mice blood was evaluated for its total leucocyte count (TLC) and differential
leucocyte count (DLC).

2.8. Statistical Analysis

The mean values and standard errors for all samples were calculated for different
treated groups. The significant difference between the groups was measured by the one-way
and two-way ANOVA, Tukey’s multiple comparison tests using Prism 9. p-value < 0.05
was considered statistically significant.

3. Results
3.1. Identification of Predicted Anticancer Targets of TQ by Molecular Docking Studies

The results of AutoDock 4.2 predicted affinity of TQ against 12 potential anticancer
drug targets are presented in Figure 1. The binding energy ranged from −6.05 kcal/mol
for Hsp90 protein to −1.19 kcal/mol against caspase-3. Appreciable affinity was observed,
with PI3K-alpha, cyclin A, VEGFR2, and MMP-2 targets showing binding energy in the
range of −5.32 to −5.82 kcal/mol (Table S1). The intermolecular interactions of docked
TQ with heat shock protein-90 (Hsp90) and phosphatidylinositol-3 kinase (PI3K) alpha are
portrayed in Figures 2 and 3, respectively. In Hsp90 protein, docked TQ is surrounded by
amino acid residues, such as Asn51, Met98, Leu103, Leu107, Phe138, Tyr139, Val150, and
Trp162. The hydrophobic cleft is formed by all of these residues except Asn51, which acts as
a donor of the hydrogen bond for TQ. The binding pocket of PI3K-alpha is constituted by
Gln630, Ile633, His670, Met811, Leu814, Gln815, Arg818, Tyr836, and Cys838. Among these,
His670 contributed a polar hydrogen bond with the TQ while the rest of the amino acid
residues participated in hydrophobic interactions. In addition, docked TQ aligned itself
within the Hsp90 binding pocket corresponding to the bound inhibitor, 5-(3,4-dichloro-
phenoxy)-benzene-1,3-diol (Figure 4).
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3.2. Characterization of Liposomes
3.2.1. Size, PDI, ζ Potential, and EE

As shown in Figure 5, the DLS data showed that the mean particle size of DSPC/Chol
containing PEGylated empty liposomes is 104 nm, while TQ entrapped liposomes were
measured to be ~120 nm with <0.2 PDI homogeneity in both types of liposomes. The PDI
and zeta potential of empty liposomes were measured as 0.167 and −10.85 mv, respectively.
However, the PDI, zeta potential, and entrapment efficiency TQ-Lip were recorded as 0.125,
−13.25 mv, and 96%, correspondingly (Figure 5A).
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3.2.2. In Vitro Stability of Liposomes and Release Kinetics of TQ

As depicted in Figure 5B, the data showed the stability of Lip-TQ as only 3.53% leakage
of TQ at 37 ◦C in the PBS. The results from the release kinetics of TQ in the serum revealed
that 1.5%, 2.5%, 4.03%, 7.0%, 10%, and 15% TQ was released after 1, 2, 4,8, 12, and 24 h,
respectively (Figure 5C).

3.3. Effect of TQ on Cellular Proliferation and IC50 at Varying Doses of Free TQ and Lip-TQ in
A549 and H460 Lung Cancer Cell Lines

The results from the cell cytotoxicity assays revealed high sensitivity of TQ by PEG-
Lip-TQ in comparison to free TQ (Figure 6). The data showed that the IC50 of free TQ was
calculated as 50, 38, and 32 µM after 24, 48, and 72 h, respectively, in A549 lung cancer
cells. However, the LD50 of Lip-TQ was found to be 12, 9.5, and 5.56 µM correspondingly,
showing a significant difference at p < 0.0001 (Figure 6A–C). As depicted in Figure 6D–F,
PEG-Lip-TQ was found to be significantly very effective as 17, 16, and 7.5 µM, when IC50
were measured after 24, 48, and 72 h, respectively, while 50, 40, and 37 µM were determined,
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correspondingly by free TQ. The results clearly indicated the cytotoxic effect of PEG-Lip-TQ
as well as its stability as less than 40% and 55% µM concentrations were required to reach
to the IC50 in A549 and H460 cells, respectively (Figure 6).
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Lung Cancer Cell Lines 

The cell cycle analysis results showed the continuous changes in the distribution of 
cells treated with varying concentrations of PEG-Lip-TQ in both of the cells (Figure 7). As 
depicted in Figure 7A, 50% and 70% cells were arrested in the S-phase when treated with 
IC10 and IC25 15% and 35% cells. However, the 20% cells were measured in >G2 phase in 

Figure 6. Effect of TQ at varying concentrations on cellular proliferation by cell cytotoxicity assay at
24, 48, and 72 h in A549 and H460 lung cancer cell lines. (A) Free TQ, (B) PEG-Lip-TQ, (C) IC50 of
Free TQ, and PEG-Lip-TQ in A549 lung cancer cells, (D) Free TQ, (E) PEG-Lip-TQ, (F) IC50 of Free
TQ, and PEG-Lip-TQ in H460 lung cancer cells. The values are expressed as mean ± SE of three
independent experiments. **** Significant difference between the treated groups, p-value < 0.0001.

3.4. Effect of PEG-Lip-TQ on Cell Cycle Distribution at IC10, IC25, and IC35 in A549 and H460
Lung Cancer Cell Lines

The cell cycle analysis results showed the continuous changes in the distribution of
cells treated with varying concentrations of PEG-Lip-TQ in both of the cells (Figure 7). As
depicted in Figure 7A, 50% and 70% cells were arrested in the S-phase when treated with
IC10 and IC25 15% and 35% cells. However, the 20% cells were measured in >G2 phase
in the cells treated with IC35. Similarly, a different cell cycle distribution was observed
in the H460 cells treated with the formulation. As shown in Figure 7B, 43% of cells were
arrested in S-phase and 10% were estimated in >G2 phases when treated with PEG-Lip-TQ
IC10. The same pattern was noticed in the PEG-Lip-TQ IC25-treated cells as 46% of cells in
S-phase and 12.55 in >G2 phase. Interesting, 10% cells were analyzed in <G1, and 3.5% in
>G2 while treated with IC35 (Figure 7B).
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Figure 7. Effect of PEG-Lip-TQ cell cycle distribution by flow cytometry in lung cancer cells. (A) A549
cells, (B) H460 cells. The doses of PEG-Lip-TQ were selected as IC10 and IC25 and IC35 as in the
materials and methods. The values are expressed as mean ± SE of three independent experiments.
NS No Significance within the groups, # Significant difference between the treated groups.
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3.5. In Vivo Oral Toxicity Study of TQ
3.5.1. In Situ Toxicity Assay

Several toxicity parameters, such as hepatotoxicity, carcinogenicity, cytotoxicity, im-
munotoxicity, mutagenicity, and toxicities associated with stress response and nuclear re-
ceptor signaling pathways, were estimated by ProTox-II, which exploits fragment similarity-
based cluster cross-validation and machine learning approaches. Thymoquinone was found
to be inactive in all of the tested toxicities except mitochondrial membrane potential, a
stress response pathway, in which it was found to be active, having a probability score of
0.58 (Table 2. The predicted LD50 of thymoquinone was noted as 2400 mg/kg, ranking
V in toxicity class, according to the globally harmonized classification system in which
class I represents the most toxic substance whereas class VI is regarded as a non-toxic
entity [30,32].

Furthermore, the acute toxicity of thymoquinone was also determined using the
T.E.S.T. program, which predicts the LD50 (oral lethal dosage for 50% of test rats) and
mutagenicity of compounds. The obtained data are summarized in Table 3. The algorithm
implemented in the T.E.S.T. program uses three distinct methods for predictions, which
includes hierarchical clustering, consensus, and the nearest neighbor method. According to
the consensus, hierarchical clustering, and nearest neighbor algorithms, the projected oral
rat LD50 was 816.9, 1004.5, and 664.4 mg/kg, respectively, and negative mutagenicity was
anticipated for the TQ.

Table 2. TQ toxicity determined by ProTox-II webserver.

S.N Classification Target Prediction Probability

1. Organ toxicity Hepatotoxicity Inactive 0.63

2.
Toxicity end

points

Carcinogenicity Inactive 0.63
Immunotoxicity Inactive 0.97

Mutagenicity Inactive 0.91
Cytotoxicity Inactive 0.78

3.
Nuclear receptor

signaling
pathways

Aryl hydrocarbon receptor Inactive 0.93
Androgen receptor Inactive 0.99

Androgen receptor ligand
binding domain Inactive 0.99

Aromatase Inactive 0.99
Estrogen receptor alpha Inactive 0.96
Estrogen receptor ligand

binding domain Inactive 0.93

Peroxisome proliferator
activated receptor gamma Inactive 0.99

4.
Stress response

pathways

Nuclear factor
(erythroid-derived 2)-like
2/antioxidant responsive

element (nrf2/ARE)

Inactive 0.93

Heat shock factor response
element (HSE) Inactive 0.93

Mitochondrial membrane
potential Active 0.58

Phosphoprotein (tumor
suppressor) p53 Inactive 0.92

ATPase family AAA
domain-containing protein

5 (ATAD5)
Inactive 0.99
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Table 3. The expected toxicities linked with the TQ as predicted by the T.E.S.T. software (US Environ-
mental Protection Agency).

Toxicity Parameters Toxicity Results

Consensus method
Oral rat LD50 mg/kg 816.9
Mutagenicity value 0.19
Mutagenicity result Negative

Hierarchical clustering method
Oral rat LD50 mg/kg 1004.5
Mutagenicity value 0.05
Mutagenicity result Negative

Nearest neighbor method
Oral rat LD50 mg/kg 664.4
Mutagenicity value 0.33
Mutagenicity result Negative

3.5.2. In Vivo Oral Toxicity Assay in Swiss Albino Mice
General Appearance, Behavioral Observations and LD50

The phase 1 in vivo oral toxicity data showed that 100% and 66% mortality were
observed by TQ 100 and TQ 1000, respectively (Table S2). Interestingly, no mortality was
found in PEG-Lip-TQ 100, although a 33% mortality was recorded in PEG-Lip-TQ 1000
(Table S4). The doses PEG-Lip-TQ for phase 2 were increased as 600, 1000, 1600, and
2900 mg/kg bw (Table S5), while it was reduced for free TQ as 20, 40, 100, and 160 mg/kg
bw (Table S3). The mortality data from both of the phases suggested the IC50 for the free TQ
as well as PEG-Lip-TQ as 89.5 and 775 mg/kg b.w, respectively (Tables S2–S5, Figure 8I).
Noticeably, a several fold increase (~9) was recorded in the LD50, evidently suggesting the
use of PEG-Lip-TQ in the treatment strategy with TQ. In the phase study, no significant
change in the body weight was observed in TQ-0 as well as TQ-10, while a significant
weight reduction (>20%, p < 0.05) was recorded in TQ-100 (Figure 8A,B). Remarkably,
no significant decrease change in the body weight was observed in the animals exposed
to varying doses of PEG-Lip-TQ in phase 1 (Figure 8E,F). The phase 2 data showed a
significant decrease in the body weight in the animals exposed to TQ 100 and TQ 160, while
no significant change in the body weight was observed in TQ 20, TQ 40, as well as TQ
80 (Figure 8C,D). However, no change in the body weight was observed in the surviving
animals as 100% was recorded in PEG-Lip-TQ 1600 and PEG-Lip-TQ 2900 animals at 6 and
8 days, respectively, after the start of phase 2 study (Figure 8C,D).
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Figure 8. Effect of free TQ and PEG-Lip-TQ on body weight and LD50 (A) Average body weight by 
free TQ during the experiment period in phase 1, (B) Average body weight of surviving animals by 
free TQ after 14 days in phase 1, (C) Average body weight by free TQ during the experiment period 
in phase 2, (D) Average body weight of surviving animals by free TQ after 14 days in phase 2, (E) 
Average body weight by PEG-Lip-TQ during the experiment period in phase 1, (F) Average body 
weight of surviving animals by free PEG-Lip-TQ after 14 days in phase 1, (G) Average body weight 
by PEG-Lip-TQ during the experiment period in phase 2, (H) Average body weight of surviving 
animals by free PEG-Lip-TQ after 14 days in phase 2, (I) LD50 of free TQ and PEG-Lip-TQ. The values 
are expressed as mean ± SE of three independent experiments. * Significant difference between the 
treated groups, p-value < 0.05, **** Significant difference between the treated groups, p-value < 
0.0001. 

Effect of TQ on Leukocytes by Hematological Studies 
The Leishman staining of the leukocytes in all surviving animals of both phases 

showed ruptured and degranulation of the cells in the animals treated with TQ-80, TQ, 
100, and TQ 160, while vacuolization could also be seen in TQ 160 (Figure 9A). The hema-
tological data revealed a significant decrease in the total leucocytes count in the animals 
exposed to TQ-80, TQ-100, and TQ-160 in comparison to TQ-0 (Figure 9B). Noticeably, no 
structural change was observed in the cells exposed to PEG-Lip-TQ doses except PEG-
Lip-TQ 1000 as ruptured cells could be seen in it (Figure 9C). The hematological data of 
total leukocytes also showed the same pattern as a significant reduction was measured 
only in the animals exposed to PEG-Lip-TQ 1000 (Figure 9D). 

Figure 8. Effect of free TQ and PEG-Lip-TQ on body weight and LD50 (A) Average body weight by
free TQ during the experiment period in phase 1, (B) Average body weight of surviving animals
by free TQ after 14 days in phase 1, (C) Average body weight by free TQ during the experiment
period in phase 2, (D) Average body weight of surviving animals by free TQ after 14 days in phase 2,
(E) Average body weight by PEG-Lip-TQ during the experiment period in phase 1, (F) Average body
weight of surviving animals by free PEG-Lip-TQ after 14 days in phase 1, (G) Average body weight
by PEG-Lip-TQ during the experiment period in phase 2, (H) Average body weight of surviving
animals by free PEG-Lip-TQ after 14 days in phase 2, (I) LD50 of free TQ and PEG-Lip-TQ. The values
are expressed as mean ± SE of three independent experiments. * Significant difference between the
treated groups, p-value < 0.05, **** Significant difference between the treated groups, p-value < 0.0001.

Effect of TQ on Leukocytes by Hematological Studies

The Leishman staining of the leukocytes in all surviving animals of both phases
showed ruptured and degranulation of the cells in the animals treated with TQ-80, TQ, 100,
and TQ 160, while vacuolization could also be seen in TQ 160 (Figure 9A). The hematological
data revealed a significant decrease in the total leucocytes count in the animals exposed to
TQ-80, TQ-100, and TQ-160 in comparison to TQ-0 (Figure 9B). Noticeably, no structural
change was observed in the cells exposed to PEG-Lip-TQ doses except PEG-Lip-TQ 1000 as
ruptured cells could be seen in it (Figure 9C). The hematological data of total leukocytes
also showed the same pattern as a significant reduction was measured only in the animals
exposed to PEG-Lip-TQ 1000 (Figure 9D).
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Figure 9. Effect of TQ on lymphocytes structure and total leukocytes count (TLC) of all the surviving 
animals from phase 1 and phase 2 (A) Lymphocytes structure by free TQ, (B) TLC by free TQ, (C) 
Lymphocytes structure by PEG-Lip-TQ, (D) TLC in by PEG-Lip-TQ. The values are expressed as 
mean ± SE of three independent experiments. NS No significance within the groups, # Significant dif-
ference between the treated groups. 
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spleen of the animals exposed to TQ-100 and TQ-160. However, no significant change was 
observed in the ROW of the heart, liver, and kidneys in any of the treated group of free 
TQs. As depicted in Figure 10A, a 43% and 58% increase in the ROW were calculated in 
the lungs of TQ-100 and TQ-160, respectively, clearly indicating the toxicity of TQ in the 
lungs at these concentrations. The ROW of spleen data showed a 22.5% in TQ-100 and 
~35% increase in TQ-160 (Figure 10A), which directed us to make the formulations of TQ 
to avoid such a type of toxicity, while using it is frequently used in the ailment of several 
diseases including lung cancer. The ROW results of the surviving animals exposed to 
PEG-Lip-TQ revealed a 23.76% and 26.5% increase in the ROW of lungs and spleen, re-
spectively, by PEG-Lip-TQ 100, while no change was observed in any of the other doses 
in the ROW (Figure 10B). 

Figure 9. Effect of TQ on lymphocytes structure and total leukocytes count (TLC) of all the surviving
animals from phase 1 and phase 2 (A) Lymphocytes structure by free TQ, (B) TLC by free TQ,
(C) Lymphocytes structure by PEG-Lip-TQ, (D) TLC in by PEG-Lip-TQ. The values are expressed as
mean ± SE of three independent experiments. NS No significance within the groups, # Significant
difference between the treated groups.
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Effect of TQ on Relative Organ Weight

The relative organ weight (ROW) showed significant changes in the lungs and the
spleen of the animals exposed to TQ-100 and TQ-160. However, no significant change was
observed in the ROW of the heart, liver, and kidneys in any of the treated group of free
TQs. As depicted in Figure 10A, a 43% and 58% increase in the ROW were calculated in the
lungs of TQ-100 and TQ-160, respectively, clearly indicating the toxicity of TQ in the lungs
at these concentrations. The ROW of spleen data showed a 22.5% in TQ-100 and ~35%
increase in TQ-160 (Figure 10A), which directed us to make the formulations of TQ to avoid
such a type of toxicity, while using it is frequently used in the ailment of several diseases
including lung cancer. The ROW results of the surviving animals exposed to PEG-Lip-TQ
revealed a 23.76% and 26.5% increase in the ROW of lungs and spleen, respectively, by
PEG-Lip-TQ 100, while no change was observed in any of the other doses in the ROW
(Figure 10B).
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Figure 10. Effect of TQ on the relative organ weight of vital organs (lungs, heart, liver, spleen, and 
kidneys) in all the surviving animals from phase 1 and phase 2. The quantitative analysis of ROW 
from the animals exposed to (A) free TQ (B) PEG-Lip-TQ. The values are expressed as mean ± SE of 
three independent experiments. NS No significance within the groups, * Significant difference be-
tween the treated groups, p-value < 0.05, ** Significant difference between the treated groups, p-
value < 0.001, *** Significant difference between the treated groups, p-value < 0.0001. 

4. Discussion 
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PEGylated stealth liposomes, investigating the entrapment efficiency, stability, and re-
lease kinetics in the serum. The hydrophobic nature of TQ showed high entrapment effi-
ciency of 96%. The rigidity of lipid bilayers makes the liposomes stable, depending on the 
choice of lipids and its molar concentration with a high phase transition temperature (Tc) 
[46–49]. The presence of cholesterol in a suitable amount with phospholipids is the im-
portant factor in the stability of liposomes. However, it has not been defined, but several 
studies suggested a 2:1 ratio of phospholipid and cholesterol to make the liposomes most 
stable and efficient [50–52]. Moreover, recently, we reported the high stability of lipo-
somes in 49:21 molar ratios of DSPC and cholesterol [37]. Irrespective of the high stability 
of liposomes, the minimal uptake of liposomes by RES is a major challenge in the prepa-
ration of novel formulations, while targeting extra RES tissues is the targeting of extra RES 
tissues. The coating of liposomes with PEGylated lipids makes sterically stabilized lipo-
somes, enabling them to remain in the circulation for a longer period and release the drug 
to the tumor cells [53–55]. The cumulative release data of PEGylated liposomes showed 
only 3.5% and 15% TQ in the PBS and serum, respectively, at 37 °C, clearly indicating the 
high stability and long circulation of the formulation (Figure 5A,B). The release of only a 
small amount might be associated with the high lipophilicity of TQ as it strongly attached 

Figure 10. Effect of TQ on the relative organ weight of vital organs (lungs, heart, liver, spleen, and
kidneys) in all the surviving animals from phase 1 and phase 2. The quantitative analysis of ROW
from the animals exposed to (A) free TQ (B) PEG-Lip-TQ. The values are expressed as mean ± SE
of three independent experiments. NS No significance within the groups, * Significant difference
between the treated groups, p-value < 0.05, ** Significant difference between the treated groups,
p-value < 0.001, *** Significant difference between the treated groups, p-value < 0.0001.

4. Discussion

The present study is the first to develop the TQ-containing long-circulating PEGylated
stealth liposomes, investigating the entrapment efficiency, stability, and release kinetics in
the serum. The hydrophobic nature of TQ showed high entrapment efficiency of 96%. The
rigidity of lipid bilayers makes the liposomes stable, depending on the choice of lipids and
its molar concentration with a high phase transition temperature (Tc) [46–49]. The presence
of cholesterol in a suitable amount with phospholipids is the important factor in the stability
of liposomes. However, it has not been defined, but several studies suggested a 2:1 ratio
of phospholipid and cholesterol to make the liposomes most stable and efficient [50–52].
Moreover, recently, we reported the high stability of liposomes in 49:21 molar ratios of
DSPC and cholesterol [37]. Irrespective of the high stability of liposomes, the minimal
uptake of liposomes by RES is a major challenge in the preparation of novel formulations,
while targeting extra RES tissues is the targeting of extra RES tissues. The coating of
liposomes with PEGylated lipids makes sterically stabilized liposomes, enabling them to
remain in the circulation for a longer period and release the drug to the tumor cells [53–55].
The cumulative release data of PEGylated liposomes showed only 3.5% and 15% TQ in
the PBS and serum, respectively, at 37 ◦C, clearly indicating the high stability and long
circulation of the formulation (Figure 5A,B). The release of only a small amount might be
associated with the high lipophilicity of TQ as it strongly attached to the lipids. Earlier,
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some studies also showed a low concentration of TQ release due to the hydrophobic nature
of the compound [20,56].

The cytotoxic effect of PEG-Lip-TQ showed a tremendous decrease in the IC50 of TQ,
while comparing it with free TQ. The cell viability assay also revealed the great efficacy
of PEG-Lip-TQ with time as more than 40% and 50% lesser doses were required for the
IC50, while treating the A549 and H460 lung cancer cells for 72 h, in comparison to 48 h.
The persistent bioavailability of the TQ in PEGylated liposomes might have increased the
cytotoxicity of PEG-Lip-TQ (Figure 6). Noticeably, no study has yet reported the effect of
TQ-loaded liposomes against any cancer cells in a time-dependent manner.

According to OECD, the in vivo oral acute toxicity assay is one of the significant
criteria for the primary screening of the drug to determine the LD50 and safety level of
doses before making the treatment strategy [32,57–59]. In the analysis using ProTox-II, the
toxicity of TQ was found to be inactive in all the tested toxicities. However, the induction
of mitochondrial membrane potential (MMP) was observed in the analysis, confirming
its toxicity through the MMP-mediated pathway, which may lead to apoptosis and/or
necrosis of the cells. Moreover, the variations in the LD50 were noticed by ProTox-II as
well as three methods of the T.E.S.T program. The ProTox-II projected 2400 mg/kg, while
T.E.S.T predicted 816.9, 1004.5, and 664.4 mg/kg by the hierarchical clustering, consensus,
and nearest neighbour methods, respectively (Table 3). The LD50 projected by the nearest
T.E.S.T program clearly indicated a toxicity of TQ of even less than 1000 mg/kg (Table 3).
The results from the in vivo acute oral toxicity assay in Swiss albino mice demonstrated
that the LD50 of free TQ and PEG-Lip-TQ was 89.5 mg/kg and 775 mg/kg b.w, respectively.
The toxic effect of free TQ was also observed in ROW of the lungs and spleen in the animals
exposed to TQ-100 and TQ-160 but no toxicity was noticed in PEG-Lip-TQ lesser than
PEG-Lip-TQ 1000 (Figure 10). As per the classifications of the drugs suggested by OECD,
the TQ will be shifted from class 3 to class 4, when entrapped in long-circulating PEGylated
liposomes. Remarkably, PEG-Lip-TQ demonstrated a 7-fold increase in the maximum
tolerated dose while comparing free TQ (Tables S2–S5). Earlier, Badry et al. 1998, reported
the LD50 of TQ as 2400 mg/kg, but our survival data revealed 100% mortality in the animals
exposed to the dose of TQ 1000 (Table 3) [60]. Besides, the survival rate was found to be 0%
in the animals treated with more than 1000 mg/kg by PEG-Lip-TQ (Table S5).

A molecular docking investigation was carried against many pharmacological targets
linked to anticancer drug development to acquire an insight into the predictive basis for
the probable interaction mechanisms of TQ. To our knowledge, this is the first research
to use the AutoDock 4.2 molecular docking technology to characterize the molecular
interactions profile of this molecule against multiple drug targets relevant to carcinogenesis.
TQ exhibited the highest affinity for the Hsp90 protein, which had a binding energy
of −6.05 kcal/mol, and the lowest affinity for the caspase-3 enzyme, demonstrating a
binding energy of −1.19 kcal/mol. Hsp90 plays an essential role in oncogenic signaling,
making it an intriguing target for cancer treatment. Therefore, inhibition of Hsp90 activity
concurrently disrupts various signal transduction pathways that are critical for tumor
growth and survival [61]. Molecular docking is a robust computational technique for
inferring the intermolecular interactions between ligands and proteins, but because the
solvation penalty associated with the binding cannot be accurately assessed [62], further
research is needed to justify the approximation of the binding energy. Superimposition of
the docked TQ and native co-crystallized inhibitor of the Hsp90 protein, 5-(3,4-dichloro-
phenoxy)-benzene-1,3-diol, exhibited a root-mean square deviation of 3.23 Å (Figure 4),
which further confirms the potential of TQ-based ligand to be developed as an Hsp90
inhibitor. Research into the TQ’s particular anticancer mode of action as well as lead
optimization might be sparked by the current findings.

The present study demonstrated the efficacy of PEG-Lip-TQ in terms of bioavailabilty,
cytotoxic activities against lung cancer cells, and decreased the toxicity as well. Moreover,
the molecular docking data suggested several molecular targets of TQ that should be
evaluated in the lung cancer system in vitro as well as in vivo.



Pharmaceutics 2022, 14, 153 22 of 25

5. Conclusions

The results of this study indicate that the pharmacological and efficacy profile of
PEG-lip-TQ is superior to free TQ as demonstrated by release kinetics, in vitro lung cancer
cytotoxicity, and in vivo safety level of doses as well. Further studies are required to un-
derstand the molecular mechanism of PEG-Lip-TQ in the treatment of lung cancer in vitro
as well as in vivo, focusing on the molecular targets of TQ, as suggested by molecular
docking data. This study will also pave the way to explore the effect of TQ formulation in
the treatment of lung cancer in clinical settings. The synergistic effect of these TQ-loaded
liposomes should also be evaluated in combination with least toxic concentration of various
chemotherapeutic drugs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14010153/s1, Table S1: AutoDock 4.2 results of TQ
with several anticancer drug targets; Table S2: Effect of free TQ on general appearance and behavioral
observations in Phase-1 oral acute toxicity assay in Swiss albino mice; Table S3: Effect of free TQ on
general appearance and behavioural observations in Phase-2 oral acute toxicity assay in Swiss albino
mice; Table S4: Effect of PEG-Lip-TQ on general appearance and behavioural observations in Phase-1
oral acute toxicity assay in Swiss albino mice; Table S5: Effect of PEG-Lip-TQ on general appearance
and behavioural observations in Phase-2 oral acute toxicity assay in Swiss albino mice; Figure S1.
Effect of TQ on relative organ weight (ROW) of vital organs (lungs, heart, liver, spleen and kidneys)
in all the surviving animals from phase-1 and phase-2. The representing images of vital organs from
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