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Abstract

Zingiber ottensii, is widely used in Asian traditional remedies for the treatment of many dis-

eases. The present study explores anticancer activity of Z. ottensii essential oil (ZOEO) and

its nanoformulations. ZOEO obtained from hydrodistillation of Z. ottensii fresh rhizomes was

analysis using gas chromatography mass spectroscopy. Zerumbone (25.21%) was the

major compound of ZOEO followed by sabinene (23.35%) and terpene-4-ol (15.97%). Four

types of ZOEO loaded nanoformulations; nanoemulsion, microemulsion, nanoemulgels,

and microemulgel, were developed. The average droplet size of the nanoemulsion and

microemulsion was significantly smaller than that of the nanoemulgel and microemulgel.

Comparison with other essential oils of plants of the same family on anticancer activity

against A549, MCF-7, HeLa, and K562, ZOEO showed the highest cytotoxicity with IC50 of

43.37±6.69, 9.77±1.61, 23.25±7.73, and 60.49±9.41 μg/mL, respectively. Investigation

using flow cytometry showed that ZOEO significantly increased the sub-G1 populations

(cell death) in cell cycle analysis and induced cell apoptosis by apoptotic analysis. The

developed nanoformulations significantly enhanced cytotoxicity of ZOEO, particularly

against MCF-7 with the IC50 of 3.08±2.58, 0.74±0.45, 2.31±0.91, and 6.45±5.84 μg/mL,

respectively. Among the four nanoformulations developed in the present study, nanoemul-

sion and microemulsion were superior to nanoemulgel and microemulgel in delivering

ZOEO into cancer cells.

Introduction

Cancer is a condition that involves the uncontrolled growth of cells with the ability to invade

and destroy other parts of healthy tissues and organs. It is one of the diseases that threaten

human death. It caused 29.8% of deaths among non-communicable diseases worldwide in

2016. It is the first or second leading cause of premature death in many countries [1]. Thus,

the study of anticancer drugs has become essential for cancer patients. Nowadays, chemother-

apy and radiotherapy are the conventional methods used to treat cancer patients. However,
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these methods can cause unpleasant side effects and toxicity since they can destroy both nor-

mal cells and cancer cells. Moreover, some patients develop resistance to therapeutic drugs

during treatment, which can cause relapse.

Medicinal plants have become an interesting source of anticancer compounds because they

are safe, have fewer side effects, and are easily accessible. The Zingiberaceae or ginger family is

a well-known plant family in Southeast Asia. In Thailand, ginger family plants are widely used

as traditional medicine for many treatments, such as to relieve stomachache and hemorrhoids,

as an herbal compress for massage, to improve blood circulation, to relieve muscular pain, and

as a honey balm. Moreover, the rhizomes of these plants are also used as spices and ingredients

for cooking [2]. Essential oils from Zingiberaceous plants have been used for mosquito control

[3, 4]. They have demonstrated various bioactivities such as antimycobacterial activity [5, 6],

immunomodulatory activity [7, 8], and antineoplastic activity [9, 10].

Zingiber ottensii is a plant with less than 2 m in height and belongs to the Zingiberaceae

family. It is widely cultured in Southeast Asian countries including Thailand, Malaysia, Indo-

nesia, Loas, and Vietnam [11, 12]. Z. ottensii has been used as traditional medicinal herb for

the treatment of various diseases in many countries. For example, in Malaysia, a poultice from

leaves and rhizomes of this plant is applied to the body for postpartum care and for treatment

of lumbago. In Thailand, Z. ottensii rhizomes are used to treat gastrointestinal diseases, e.g.,

peptic ulcers and stomachache, and constipation, as well as myalgia, sprain, bruising/contu-

sion, and wounds. Crude extracts of Z. ottensii was reported its cytotoxicity in HEK293T/17

cells with a 50% cytotoxicity concentration (CC50) value of 0.266 mg/mL [13]. Furthermore,

the essential oil of Z. ottensii has been found to increase cell apoptosis and reduce IL-6 levels in

HeLa cells. Interestingly, it suppressed EGF-induced pAkt and pERK1/2 signaling pathway

activation [14]. In addition, essential oil of Z. ottensii rhizomes (ZOEO) has been used as a top-

ical agent for Thai traditional massage.

Nanotechnology has potential for developing anticancer drugs because of the unique prop-

erties that promote the delivery and retention of particles and enhance their permeability.

Nanoparticles can be developed at a certain size for potent distribution and accumulation at

cancer sites. Nanoparticles are characterized by self-assembly, stability, specificity, drug encap-

sulation, and compatibility as a result of their material composition. Various types of nanopar-

ticles have been developed as drug delivery systems for medicinal purposes. Nanoemulsions

and microemulsions are nanoformulations suitable for enhancing the oral bioavailability of

essential oils through preparation of a homogeneous system of water, oil, surfactant, and co-

surfactant [15]. Various essential oils have been used as an internal oily phase of the oil-in-

water nanoemulsions and microemulsions according to the ability of these nanoformulations

to improve absorption of the oils through the lipid bilayer membrane of the cells in human

body. Both nanoemulsions and microemulsions can increase the bioavailability of essential

oils and improve their activity at the same time. For example, nanoemulsions of ginger essen-

tial oil demonstrated an enhanced antibacterial activity against various species of bacteria [16,

17]. It has been reported that the microemulsions of essential oil from Zingiber cassumunar
rhizome could enhance anti-inflammatory properties without cytotoxicity to normal periph-

eral blood mononuclear cells (PBMCs) [18]. Although Z. ottensii have demonstrated various

biological activities, the anticancer activity against various cancer celles was not well reported.

The present study explores the anticancer activity of ZOEO against four strains of cancer cells,

A549 cells (lung carcinoma cell lines), MCF-7 cells (breast cancer cell lines), HeLa cells (cervi-

cal carcinoma cell lines), and K562 (chronic myelogenous leukemia cell line). The activity was

compared with the essential oils extracted from the other three potential plants, Alpinia
galanga, Boesenbergia rotunda, and Zingiber montanum, which are in the same family of Z.

ottensii. These three plants are also used in Thai traditional medicinal remedies. Four types of
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ZOEO loaded nanoformulations were formulated. The anticancer activity of the formulated

nanoformulations was investigated.

Materials and methods

Essential oil extraction and compound analysis

Z. ottensii, and 3 other plants in the same family (A. galanga, B. rotunda, and Z. montanum)

were collected from a local farm located in Chiang Mai, Thailand during June 2019. All plant

samples were authenticated and voucher specimens (reference no. 000109 for Z. ottensii,
009245 for A. galanga, 009724 for B. rotunda, and 004581 for Z. montanum) were deposited in

the Herbarium of the Faculty of Pharmacy, Chiang Mai University, Thailand. The essential

oils of the fresh rhizomes of these plants were extracted by hydrodistillation according to the

method described previously [19]. The oil compositions were analyzed by gas chromatography

mass spectroscopy (GC-MS) using an Agilent 6890 gas chromatography device (Agilent Tech-

nologies, Santa Clara, CA, USA) coupled to an electron impact (EI; 70 eV) HP 5973 mass selec-

tive detector (Hewlett Packard,Palo Alto, CA, USA) fitted with a column (Hewlett Packard,

Palo Alto, CA, USA). The condition used for this analysis was according to that previously

described [20].

Preparation of ZOEO loaded nanoformulation

Four types of oil-in-water nanoformulations containing 10% of ZOEO were prepared. NE-ZO

was prepared using 25% Tween 80 as a surfactant. The mixture composed of ZOEO, surfac-

tant, and water was subjected to Ultra-Turrax T25 (Janke and Kunkel GmbH, Staufen, Ger-

many) at a high-speed stirring of 12,000 rpm for 30 s to obtain to obtain a pre-emulsion. This

pre-emulsion was then subjected to a high-pressure homogenizer (Micron LAB40, Homoge-

nizer Systems, Germany) for 3 cycles to obtain a nanoemulsion. ME-ZO was prepared using a

30% surfactant mixture consisting of a 2:1 ratio of Tween 80 and cosufactant, mainly ethyl

alcohol. NG-ZO and MG-ZO were prepared by adding not more than 2% of a gelling agent

into NE-ZO and ME-ZO. The obtained nanoformulations were characterized for size and size

distribution using a photon correlation spectrophotometer (PCS).

Cell culture

Four strains of cancer cells, A549, MCF-7, HeLa, and K562 were used as human cancer cell

models in this study. A549, MCF-7 and HeLa cells were cultured in DMEM (Dulbecco’s Modi-

fied Eagle Medium) medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal

bovine serum (Capricorn Scientific, Ebsdorfergrund, Germany), 100 units/mL penicillin, and

100 μg/mL streptomycin (Invitrogen, Carlsbad, CA, USA). K562 cells were cultured in RPMI

(Roswell Park Memorial Institute)-1640 medium (InvitrogenTM, CA, USA) supplemented

with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 μg/mL

streptomycin (Invitrogen, Carlsbad, CA, USA). All cancer cell lines were cultured at 37˚C in a

humidified incubator with 5% CO2.

MTT test

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to detect

the cytotoxicity of the test samples. A549 (5.0 × 103 cells/well), MCF-7 (5.0 × 103 cells/well),

HeLa (5.0 × 103 cells/well), and K562 (1.0 × 104 cells/well) were seeded into a 96-well plate and

incubated overnight at 37˚C with 5% CO2. Then, the cells were treated with 0–100 μg/mL of

the essential oils or 0–50 ng of ZOEO/mL of the nanoformulation for 48 h. After that, 15 μL of
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MTT dye solution (5 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA) was added and incubated

for 4 h. The produced formazan crystals were dissolved in 200 μL of DMSO (Sigma-Aldrich,

St. Louis, MO, USA); then, the optical density was measured using an ELISA plate reader

(Metertech, Taipei, Taiwan) at 578 nm with a reference wavelength of 630 nm. Four anticancer

drugs, doxorubicin, idarubicin, cytarabine, and cyclophosphamide were used as positive con-

trols. The percentage of surviving cells was calculated from the absorbance values of the test

and control wells using the following equation.

Cell viability ð%Þ ¼ ðAt=AcÞ � 100;

where At is a mean absorbance in test well and Ac is a mean absorbance in vehicle control

well. The average percentage of surviving cells at each concentration obtained from triplicate

experiments was plotted as a dose-response curve. IC50 was defined as the lowest concentra-

tion of the test sample that inhibited cell growth by 50% compared to the untreated control.

Trypan blue exclusion test

This test was used to confirm the cytotoxicity of the test samples. The cancer cells after expo-

sure to the test samples under the same conditions as in the MTT test were harvested and

washed with ice-cold PBS, pH 7.4 for 3 times. Then, the cells were re-suspended with PBS, pH

7.4. The cell suspensions were diluted with PBS, pH 7.4 at the appropriate dilution before

being mixed with 0.2% trypan blue solution at 1:2 dilution for cell count on a hemocytometer.

From this test, the viable cells and the dead cells could also be obviously detected.

Cell cycle analysis

This experiment was used to determine the effects of ZOEO on cell cycle arrest and cell death.

MCF-7 was used as a cancer cell model. The cells were treated with ZOEO at concentrations of

2, 3, and 10 μg/mL as these concentrations were the IC20, IC30, and IC50 of the oil, respectively.

After 48 h, the cells were harvested and washed using PBS, pH 7.4 for 3 times. After washing,

the cells were fixed with 70% ethanol in PBS, pH 7.4 for 30 min and incubated on ice. After

that, the cells were washed again with PBS, pH 7.4 for 2 times and stained with propidium

iodide (PI) solution (0.02 mg/mL PI in PBS, pH 7.4). The rates of cell death and cell cycle dis-

tribution were analyzed using flow cytometry (Cytomics FC500, Beckman Coulter, Pasadena,

CA, USA).

Apoptosis assay

To determine the effects of ZOEO on apoptotic effect in cancer cells, MCF-7 cells (5 × 104

cells/mL) were treated with ZOEO at the IC20, IC30, and IC50 (2, 3, 10 μg/mL, respectively) for

48 h. Then, cells were stained using BiolegendTM FITC Annexin V Apoptosis Detection Kit

with PI according to the manufacturer’s instructions. Briefly, cells were harvested and then

washed using PBS, pH 7.4 for 3 times. After washing, cells were resuspended with 100 μL of

binding buffer, then, cells were stained with Annexin V-FITC and PI for 15 min in the dark at

room temperature. Next, each sample was added with 400 μL of binding buffer. The percent-

ages of cell population were analyzed using flow cytometry (Cytomics FC500, Beckman Coul-

ter, Pasadena, CA, USA).

Statistical analysis

All experiments were performed in triplicate. The average of triplicate experiments and stan-

dard derivation (SD) were used for quantification. The levels of cell populations were
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compared to the vehicle control in each experiment. The results are shown as mean ± S.D. The

SPSS statistics software ver. 22 (SPSS Inc., USA) was used for statistical analysis. Differences

between the means of each sample were analyzed by one-way analysis of variance (one-way

ANOVA), followed by LSD post-hoc analysis. Statistical significance was considered at

p< 0.05 and p< 0.001.

The average of triplicate experiments and standard derivation (SD) were used for quantifi-

cation. The levels of cell populations were compared to the vehicle control in each experiment.

The results are shown as mean ± S.D. Differences between the means of each sample were ana-

lyzed by one-way analysis of variance (one-way ANOVA). Statistical significance was consid-

ered at p< 0.05 and p< 0.001.

Results and discussion

Yield and chemical analysis of ZOEO. After subjecting to hydrodistillation for 3 h, the

fresh rhizomes of Z. ottensii yielded 0.21±0.12% oil, almost same as that of the other plants in

the same family as shown in Table 1. The outer appearance of the obtained ZOEO was a pale

yellowish oil with a distinctive camphorous odor.

Chemical constituents of the extracted ZOEO analyzed by GC-MS demonstrated 18 identi-

fied compounds representing 98.02% of the total oil including mainly zerumbone (25.21%),

sabinene (23.35%), and terpene-4-ol (15.67%) as shown in Table 2 and S1 Fig. Z. ottensii can

be found in many countries in Southeast Asia, including Thailand, Indonesia, Malaysia, Laos,

Myanmar, and Vietnam. The essential oil compositions of this plant have been reported from

several countries, e.g. Malaysia [21, 22], Thailand [23, 24], and Indonesia [25]. Compared to

the previous studies, the compositions of ZOEO obtained from the present study was slightly

different. In general, the composition profile, concentration of individual components, and

yield of the essential oils of one plant can be different depending on intrinsic factors such as

plant cultivars [26–28] and extrinsic factors, e.g., plant cultivars, environmental factors, culti-

vation conditions, geographical location, and harvest time [29–34].

Preparation of ZOEO loaded nanoformulation

Research in nanotechnology is increasing rapidly. Nanotechnology can be applied in medical

and pharmaceutical fields to make advances in diagnosis and treatment. Anticipated applica-

tions include in vivo and in vitro drug delivery [35, 36], drug solubility and stability enhance-

ment [37, 38], and production of improved biocompatible materials [39]. Several types of

nanoformulations have been formulated and showed their advantages [40]. In this study, four

types of ZOEO loaded nanoformulations, nanoemulsion (NE-ZO), microemulsion (ME-ZO),

nanoemulgel (NG-ZO), and microemulgel (MG-ZO) have been successfully prepared. Particle

characterization using PCS revealed that all of the ZOEO droplets in the obtained nanoformu-

lations were within the nanoscale range as shown in Table 3. Moreover, the size distribution

Table 1. Percent yield of essential oils from Zingiberaceae family.

Plant essential oil Yield (%)

A. galanga 0.21 ± 0.09

B. rotunda 0.11 ± 0.08

Z. montanum 0.68 ± 0.07

Z. ottensii 0.21 ± 0 .12

Data represent mean ± standard deviation (SD).

https://doi.org/10.1371/journal.pone.0262335.t001
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expressed as polydispersity index (PDI) of the nanoparticles obtained in each formulation was

in the accepted range (0.1–0.3) for pharmaceutical use. The zeta potential of the NE-ZO and

ME-ZO were near zero because of the non-ionic surfactant (Tween 80) used in the systems. It

was considered that slightly higher negative value of NG-ZO and MG-ZO than NE-ZO and

ME-ZO was according to the effect of a gelling agent used in the systems.

Cytotoxicity of ZOEO by MTT test

The results show that each plant oil possessed different cytotoxic effects against the test cancer

cells as the different IC50 was obtained as shown in Table 4. ZOEO showed significantly high

anticancer activity against the four tested cancer cells and demonstrated the highest cytotoxic-

ity against MCF-7 with IC50 of 9.77 ± 1.61 μg/mL. A. galanga, B. rotunda, and Z. montanum
are the plants in the Zingiberaceae family and used in the Asian traditional remedies for treat-

ment of various diseases related to cancer. The results obviously showed that ZOEO possessed

significantly higher cytotoxic effects against all four tested cells than the essential oils of the

other three plants. Moreover, ZO essential oil was previously reported the strong decreasing of

the cell viability in HeLa cells when the concentration was increased by MTT assay [14]. The

results also showed that among the four cancer cells, only MCF-7 and HeLa could be inhibited

Table 2. Main compounds of ZOEO by GC-MS.

Retention time (min) Compound Relative concentration (%)

5.64 α-thujene 0.53

5.83 α-pinene 2.52

7.16 sabinene 23.35

7.23 β-pinene 8.31

7.84 β-myrcene 0.71

8.75 bornylene 0.49

9.08 thymene 3.94

9.21 dl-limonene 0.90

9.32 eucalyptol 2.03

10.46 1,8-cineol 1.53

10.94 γ-terpentene 0.34

15.67 terpene-4-ol 15.97

16.37 α-terpineol 0.55

25.88 trans-caryophyllene 0.39

27.29 α-humulene 9.67

33.04 α-caryophyllene 0.86

33.41 humulene oxide 0.71

37.97 zerumbone 25.21

https://doi.org/10.1371/journal.pone.0262335.t002

Table 3. Size, size distribution, and zetapotential of ZOEO loaded nanoformulations.

Nanoformulations Size (nm) PDI Zeta potential (mV)

NE-ZO 13.8 ± 0.2 0.152 ± 0.045 -4.44 ± 0.92

ME-ZO 21.2 ± 0.2 0.267 ± 0.013 -7.57 ± 0.32

NG-ZO 99.5 ± 2.7 0.320 ± 0.007 -19.67 ± 0.96

MG-ZO 99.2 ± 4.4 0.358 ± 0.026 -23.33 ± 2.38

Data represent mean ± standard deviation (SD).

https://doi.org/10.1371/journal.pone.0262335.t003
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by the essential oils of these three plants. The essential oils of A. galanga and B. rotunda had no

cytotoxic effect on A549 and A562 cells. In addition, Z. montanum oil could not inhibit A549.

Comparing with the anticancer drugs used as positive control, ZOEO showed higher effec-

tively anticancer activity than cyclophosphamide against all test cells and cytarabine against

A549 and K562.

Effects of ZOEO on total cell number and cell cycle analysis

Cytotoxicity to cancer cells of ZOEO was confirmed using trypan blue exclusion assay and

flow cytometry. MCF-7 was used as a cancer cell model and cytarabine (2 μg/mL) was used as

a positive control due to no autofluorescence. Trypan blue is a dye that can penetrate cell

membrane and stain the cytoplasm of the cells. The viable cells were not stained and showed a

clear cytoplasm because they had ability to exclude trypan blue whereas the dead cells showed

the blue cytoplasm as they could not repulse the dye as shown in Fig 1. From this result, rela-

tively large number of blue cells can be observed in the images of the cells after exposed to the

positive control and high concentrations of ZOEO. After exposed to the lowest ZOEO concen-

tration (2 μg/mL), the image shows a similar number of blue cells that were contacted with the

cell control and the vehicle control groups. To confirm the number of dead and viable cells,

the cells were counted using a hemocytometer. The results are illustrated in Fig 2. It is obvi-

ously seen that apoptosis increased as the concentration of ZOEO increased.

Anticancer activity of ZOEO was deeply investigated using flow cytometry. Cell cycle analy-

sis at sub-G1 population represents dead cells was observed. The result as demonstrated in Fig

3 shows different size of sub-G1 peaks. After analyzing cell populations in each phase of cell

cycle, the result demonstrates in Fig 4. Comparison to the cell control and the vehicle control,

it is clearly confirmed that ZOEO possesses anticancer activity. In addition, after 48 h exposure

to ZOEO at 2, 3, and 10 μg/mL, the sub-G1 cell population increased respectively. The

obtained results confirmed that the anticancer activity of ZOEO is dose dependent.

Effect of ZOEO on cell apoptosis

This study was performed to confirm the effect of ZOEO on cell apoptosis that showed at the

sub-G1 phase of cell cycle analysis. The percentage of apoptotic cells were measured after treat-

ment with ZOEO at the concentration of 2, 3, and 10 μg/mL. Cytarabine (2 μg/mL) was used

as a positive control (53.73 ± 1.63%). As shown in Figs 5 and 6, ZOEO at a concentration of

10 μg/mL significantly increased the fraction of apoptotic cells (26.50 ± 6.52%, P< 0.05) com-

pared to cell control and vehicle control (9.80 ± 1.35% and 10.30 ± 1.05%, respectively). This

Table 4. Cytotoxicity of the essential oils and drugs against four cancer cells by MTT test.

Plant Essential oil or drug IC50

A549 MCF-7 HeLa K562

A. galanga (μg/mL) > 100 93.00 ± 5.33 82.09 ± 7.46 > 100

B. rotunda (μg/mL) > 100 19.61 ± 2.26 30.39 ± 9.64 > 100

Z. montanum (μg/mL) > 100 70.55 ± 4.92 68.80 ± 2.98 93.58 ± 4.59

Z. ottensii (μg/mL) 43.37 ± 6.69 9.77 ± 1.61 23.25 ± 7.73 60.49 ± 9.41

Doxorubicin (ng/mL) 293.59 ± 10.48 15.82 ± 4.97 26.08 ± 1.79 800.45 ± 60.06

Idarubicin (ng/mL) 37.44 ± 9.42 5.58 ± 2.98 4.16 ± 1.42 409.40 ± 38.48

Cytarabine (μg/mL) > 100 1.87 ± 0.34 18.11 ± 3.45 > 100

Cyclophosphamide (μg/mL) > 400 > 400 > 400 > 400

Data represent mean ± standard deviation (SD). The dataset is available in S1−S4 Tables.

https://doi.org/10.1371/journal.pone.0262335.t004
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result related to the ZO essential oil on HeLa cells. It induced apoptotic HeLa cells approxi-

mately 10–20% in HeLa cells treated with 1:6,000 and 1:3,000 dilutions [14]. ZOEO at the con-

centrations of 2 and 3 μg/mL showed the % apoptotic cells with values of 9.50 ± 4.12 and

10.07 ± 4.59%, respectively. There was no significant difference when compared to those of

cell control and vehicle control. However, ZOEO showed a trend to increase cell apoptosis by

a dose dependent manner. This result indicated that ZOEO improved the ability to induce

apoptosis.

Cytotoxicity of ZOEO loaded nanoformulations

Subjecting to the MTT assay for investigating anticancer activity against four cancer cells,

A549, MCF-7, HeLa, and K562, the results as shown in Table 5 demonstrated that the formu-

lated nanofomulations possessed significantly stronger cytotoxicity than ZOEO alone, whereas

the blank formulations had no activity. Each ZOEO loaded nanoformulation showed different

cytotoxic effects on the tested cancer cells. Among them, NE-ZO and ME-ZO demonstrated

stronger anticancer activity than NG-ZO and MG-ZO, respectively. Gel bases are usually pre-

pared from various kinds of polymers as gelling agents. Adding nanoemulsion or microemul-

sion with suitable gelling agent can yield nanoemulgels or microemulgel, respectively. The

obtained emulgel nanoformulations are suitable for topical drug delivery, however, the

Fig 1. Images (40×) of MCF-7 cells after contacted with various concentrations of ZOEO and the controls. Viable cells show colorless and dead cells show

blue.

https://doi.org/10.1371/journal.pone.0262335.g001
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Fig 2. Total number of viable and dead MCF-7 cells after 48 h in cell control (CC), vehicle control (VC), and

various concentrations of ZOEO, in comparison with the positive control (cytarabine at 2 μg/mL). Each bar

represents mean ± SD of three independent experiments performed in triplicate. Asterisk (�) denotes significant

differences from viable cells in vehicle control; �� p< 0.001. Sharp (#) denotes significant differences from dead cells in

vehicle control; ## p< 0.001. The dataset is available in S5 Table.

https://doi.org/10.1371/journal.pone.0262335.g002

Fig 3. Cell cycle distribution of MCF-7 after 48 h exposed to various concentrations of ZOEO in comparison with

the controls. Sub sub-G1 peaks are indicated by red arrows. The dataset is available in S6 Table.

https://doi.org/10.1371/journal.pone.0262335.g003
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Fig 4. Representative bar graph of cell cycle phases of MCF-7 cells after 48 h exposed to various concentrations of

ZOEO in comparison with the controls. Each bar represents mean ± SD of three independent experiments

performed in triplicate. Asterisk (�) denotes significant differences from vehicle control; � p< 0.05; �� p< 0.001. The

dataset is available in S6 Table.

https://doi.org/10.1371/journal.pone.0262335.g004

Fig 5. Apoptosis assay by flow cytometry after staining with double annexin V-FITC/propidium iodide (PI).

MCF-7 cells were treated with ZOEO at the concentrations of 2, 3, and 10 μg/mL. Representative flow cytometry dot

plot indicating the cell population in apoptotic and necrotic quadrants after treatment with various concentrations.

The dataset is available in S7 Table.

https://doi.org/10.1371/journal.pone.0262335.g005

PLOS ONE Anticancer activity of Z. ottensii oil and its nanoformulations

PLOS ONE | https://doi.org/10.1371/journal.pone.0262335 January 24, 2022 10 / 15

https://doi.org/10.1371/journal.pone.0262335.g004
https://doi.org/10.1371/journal.pone.0262335.g005
https://doi.org/10.1371/journal.pone.0262335


formulations prolong drug release [41]. The retardation of drug release depends on the type of

gelling agent [42]. It is considered that higher anticancer activity of NE-ZO and ME-ZO than

NG-ZO and MG-ZO is due to the retardation effects on ZOEO release of the gel matrix.

Among the cancer cells, MCF-7 exhibited the most sensitive to ZOEO and the formulated

Fig 6. Representative bar graph of apoptotic cells (%) by flow cytometer after ZOEO treatments in various concentrations. MCF-7 cells were treated with

ZOEO at the concentrations of 2, 3, and 10 μg/mL and stained with double annexin V-FITC/propidium iodide (PI). The percentage of apoptotic cells was

statistically compared. Each bar represents mean ± SD of three independent experiments performed in triplicate. Asterisk (�) denotes significant differences

from vehicle control; � p< 0.05, �� p< 0.001. The dataset is available in S7 Table.

https://doi.org/10.1371/journal.pone.0262335.g006

Table 5. Cytotoxicity of ZOEO loaded nanoformulations against four cancer cells.

Nanoformulations IC50 value (ng of essential oil/mL)

A549 MCF-7 HeLa K562

NE-ZO 18.45 ± 3.33 1.08 ± 2.58 5.81 ± 2.38 32.48 ± 1.21

NE-ZO blank > 50 > 50 > 50 > 50

ME-ZO 28.24 ± 12.51 0.74 ± 0.45 7.24 ± 2.49 33.31 ± 2.37

ME-ZO blank > 50 > 50 > 50 > 50

NG-ZO 33.76 ± 8.26 4.31 ± 0.91 8.88 ± 1.97 35.35 ± 1.72

NG-ZO blank > 50 > 50 > 50 > 50

MG-ZO 36.74 ± 4.31 6.45 ± 5.84 11.01 ± 2.54 36.23 ± 2.48

MG-ZO blank > 50 > 50 > 50 > 50

Data represent mean ± standard deviation (SD). The dataset is available in S8−S11 Tables.

https://doi.org/10.1371/journal.pone.0262335.t005
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ZOEO nanoformulations. The IC50 of ZOEO alone (9.77 ± 1.61 μg/mL) was significantly

higher than that of NE-ZO and ME-ZO (1.08 ± 2.58 and 0.74 ± 0.45 ng/mL, respectively), indi-

cating the significantly higher efficiency of these nanoformulations to deliver ZOEO into the

cancer cells.

Conclusion

In the current work, the anticancer activity of ZO-EO on four cancer cells, namely A549,

MCF-7, HeLa, and K562, was investigated and compared with essential oils from three other

plants in the same family. ZO-EO possesses cytotoxic effects on all four cancer cells signifi-

cantly higher than the essential oils of the other three plants. Among the four cancer cells,

ZO-EO shows the most effective in inhibiting MCF-7. The anticancer activity of ZO-EO is

dose dependent that induces cell death. This effect can be confirmed using flow cytometry

where the sub-G1 cell population increases in cell cycle analysis and apoptotic induction by

apoptosis assay after exposure with ZO-EO at 2, 3, and 10 μg/mL. To improve ZO-EO efficacy,

it was produced in a nanoparticle form. Loading ZO-EO in the nanoformulations can signifi-

cantly enhance anticancer effect of ZO-EO. Among the formulated nanoformulations, NE-ZO

and ME-ZO show better anticancer activity than NG-ZO and MG-ZO. Both ZO-EO and the

nanoformulations demonstrated the specific cytotoxicity in breast cancer when compared to

other cancer cell types. Our findings support the potential of ZO-EO and nanoformulations

(NE-ZO and ME-ZO) as an anticancer, especially in patients with breast cancer.
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