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Abstract

Purpose: To formulate nano-emulsified rosemary oil (REO/NE) and determine its effect on the anticancer agent, mitomycin C (MC)
when used as a carrier for the drug.

Methods: The droplet size of REO/NE was markedly enlarged when mixed with MC. The cytotoxicity of the formulations on HeLa
and MCF-7 cells was determined using MTT assay. The combination index (CI) values were estimated with CompuSyn software,
while apoptosis was determined using DAPI fluorescent dye.

Results: Treatment of MCF-7 cells and HeLa cells with REO/NE (1% v:v and 1.33% v:v, respectively) reduced the IC, of MC 33 and
15 folds, respectively. Under fluorescent microscopy, cells treated with REO/NE+MC had more marked reduction of the nuclear area
than MC-treated cells.

Conclusion: These results indicate that REO/NE is an efficient carrier for MC since it enhanced MC delivery and increased its effect

on the cells through the induction of apoptosis at low concentrations of MC.
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Introduction

Mitomycin C (MC) is an antineoplastic and antibio-
tic agent that exerts antitumor activity and apoptosis
through inhibition of DNA synthesis by forming covalent
cross-linkages with guanine in the DNA minor groove
region. However, the clinical uses and efficacy of MC are
extensively limited on account of its toxicity in normal
cells (Ozerhan et al. 2016; Urkan et al. 2017). Combinati-
on chemotherapy has been extensively used, and it is con-
sidered as one of the promising strategies for combating
several types of cancer (Alkhatib et al. 2018; AlMotwaa

et al. 2020). It has advantages in that the multiple drug
therapy targets multiple signal transduction pathways
in cancer cells, while a single chemotherapeutic agent is
utilized as an inhibitor for only one signal transduction
route. In order to reduce the doses of chemotherapeutics
and enhance their cytotoxic effects, MC has been combin-
ed with other compounds such as vanillic acid (Erdem et
al. 2012); doxorubicin (Kostkové et al. 2013); curcumin
(Zhou et al. 2015); astaxanthin (Ko et al. 2016); 5-fluo-
rouracil (Murata et al. 2018), and cisplatin (Pinto and
Pocard 2019). However, combination treatments are fre-
quently affected by the different pharmacokinetic pro-

Copyright Al-otaibi W. This is an open access article distributed under the terms of the Creative Commons Attribution License QPENWFI-@

(CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source

are credited.


mailto:w.otaibi@su.edu.sa
https://doi.org/10.3897/pharmacia.68.e60685

202

Al-otaibi W: The apoptotic effect of REO/NE+ MC on MCF-7 and HeLa cells

files from the different physicochemical properties of the
combined drugs (Jo et al. 2020). These problems may be
solved using nano-delivery systems due to their ability to
encapsulate various types of drugs and to synergize their
pharmacokinetic properties (Arpagaus 2019; Elmowafy
et al. 2019). Nano-emulsion (NE) systems have specific
features that make them quite attractive as promising na-
no-delivery systems (Karami et al. 2019; Chevalier and
Bolzinger 2019; AlMotwaa et al. 2020; Al-Otaibi et al.).
They are colloidal dispersions composed of an oil phase,
an aqueous phase and a mixture of surfactant and co-sur-
factant with droplet diameters typically in the range of 10
to 100nm (Sutradhar and Amin 2013). Nano-emulsion
(NE) systems containing essential oils have been shown
to have stronger antimicrobial effects both in vivo and in
vitro, when compared to essential oil either in the free or
in coarse emulsion forms (Guo et al. 2020).

Rosemary oil (REO) has marked antioxidant, che-
mo-preventive, anti-proliferative and cytotoxic properties
(Ahamad et al. 2019; Chraibi et al. 2020; Bouyahya et al.
2020; Wang et al. 2012; Raskovi¢ et al. 2014; Sujatha and Si-
risha 2019). Gezici et al. (2017) reported that REO produ-
ced strong inhibitory effect on the proliferation of different
cancer cell lines: human lung adenocarcinoma (A549),
human non-small lung cancer (H1299), and human breast
adenocarcinoma (MCF-7), with IC_| values ranging from
3.06 to 7.38 pg/ml. The anticancer effect of REO on MCF-7
cells was improved when administered in form of a liposo-
mal system, relative to free REO (Salari and Salari 2019). In
another study, it was reported that at high concentrations,
REO induced apoptosis signaling pathways, DNA frag-
mentation and arrest of hepatoma (HepG2) cells in the G1
phase of the cell cycle (Melusova et al. 2014).

However, to date, there are no studies on the anticancer
effects of REO-containing NE and the conventional anti-
cancer agent. In the present work, an NE system contai-
ning REO and the conventional chemotherapeutic, MC,
was produced using pressure homogenization technique
(Liu et al. 2019), and the synergistic effect of the REO/NE
on the anticancer activity of MC, on MCF-7 and HeLa cell
lines was investigated.

Materials and methods

Chemical and cell cultures

All chemicals and reagents utilized in the study were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Mito-
mycin C (MC) was purchased from Korea United Phar-
ma. Rosemary oil (REO) was obtained from Sukar Nabat
for natural oil (Jeddah, KSA). Breast cancer (MCF-7) and
Human cervical cancer (HeLa) cells were donated by the
Tissue Culture Unit at King Fahad Center for Medical Re-
search (Jeddah, KSA). Cancer cell lines were cultured in a
25-cm? cell culture flask in Dulbecco’s modified Eagle’s me-
dium containing antibiotics (0.1 mg/mL penicillin, 100 U/
mL streptomycin and 10% v/v) and fetal bovine serum and
incubated at 37 °C in a 95% humidified atmosphere with

5% CO,. The confluent cells were trypsinized using 0.2 ml
of trypsin, and they were seeded in 24- or 96- well plates,
based on the assay. The antineoplastic and apoptotic effects
of the studied formulation against the cancer cells were
measured using MTT assay and DAPI assay, respectively.

Production of REO/NE using high-pres-
sure homogenization technique

Different weight fractions of oil phase (REO), hydrophi-
lic phase (distilled water), and a mixture of surfactant and
co-surfactant (tween 80 and span 20; 2:1 v:v) respectively,
were mixed in Pyrex screw cap test tubes and heated up to
70 °C, with continuous mixing using a vortex mixer (VELP,
Scientific, Italy) at 3000 rpm. This procedure was carried
out to determine the best proportions of the constituents
at which the one phase of REO/NE could be obtained. The
resultant REO/NE was exposed to different temperatures
(25 to 70 °C) to measure the opacity of the solution.

Preparation of REO/NE+MC

The REO/NE obtained was utilized as a carrier for MC. A
stock solution of REO/NE+MC was produced by dissol-
ving MC in REO/NE to yield solution of concentration
50 pg/ml of formula. Similarly, a 50 pg/ml stock solution
of MC was prepared in normal saline (0.9% NaCl, w/v).

Determination of particle size and charge

The measurements of particle size, charge and polydisper-
sity index for REO/NE and REO/NE+MC were carried
out 25 £ 0.2 °C using Zetasizer (Malvern, Nano-ZS Wor-
cestershire, UK). Three independent measurements for
each sample were analyzed to obtain the parameters. The
data are presented as mean + SD (X + SD).

Determination of cell growth inhibition
with MTT assay

Assay of in vitro anticancer activity was conducted to
determine the potential antiproliferative and cytotoxic
properties of the combination formula, REO/NE+MC on
the cancer cells. The MCF-7 and Hela cells were seeded
in triplicate in 96-well culture plates, each at a density of
10x10%cells/well and permitted to adhere for 24 h. Then,
the cells were treated with different concentrations of
REO/NE and MC for 24 h, to generate growth curves.
The cells were incubated for 4 h with 0.5 ml of MTT so-
lution (500 pg/ml) for 4 h 37 °C in the dark. Thereafter,
the medium was discarded, and DMSO was added to the
wells (0.1 ml/well) to dissolve the formazan crystals for-
med. The absorbance (Abs) of each well was recorded at
570 nm in a multiwell microplate reader (Bio Tek Instru-
ments, Winooski, VT, USA). The Abs values were used
to calculate percentage inhibition of cell growth, with the
following equation:

Growth inhibition (%) =100 —[ Abs ( treated cells ) — Abs ( blank ) xlOOJ

Abs(untreated cells) — Abs ( blank )
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Then, the data were transformed to the fraction affected
(Fa) ranging from 0 to 1, where Fa=0 and Fa=1, represen-
ting 100 and 0% viability, respectively.

Determination of synergy

The results of MTT were input into Compusyn software
(Biosoft, Ferguson, MO, USA) and utilized to estimate the
values of combination index (CI) using the Chou-Talalay
Method for non-constant ratio of combination. The effect
of combinations, REO/NE + MC, was primarily reflected
by the combination index CI, where CI< 1 indicates sy-
nergism, CI> 1 indicates antagonism, and CI=1 demon-
strates an additive effect.

Assessment of nuclear morphology of
apoptotic cells with DAPI staining

The MCF-7 and Hela cancer cells were grown overnight in
24-well plates at a density of 50 x 10*cells/well and treated
for 24 h with three selected concentrations used in MTT
assay of REO/NE, MC and the combined formula. Then,
the cells were fixed with 4% paraformaldehyde solution
in phosphate buffered saline (PBS, pH 7.4) for 30 min at
room temperature, followed by rinsing with PBS for 5 min.
The cells were permeabilized with Triton X-100 (0.1% in
BPS) and stained using 4',6'-diamidino-2-phenylindole
hydrochloride (DAPI) for 15 min in the dark. Finally, the
images of morphological changes in the treated cells going
through apoptosis were acquired using a fluorescence mi-
croscope (Leica CRT6000, Germany) with a blue filter at
437 pm. The mean nuclear area (in pixel?) for each group
was quantified using ImageJ analysis software (Rasband,
W.S., Image], National Institute of Health, US).

Statistical analysis

The analysis of data was performed with MegaStat version
10.3 (Bulter University, Indianapolis, IN). Differences be-
tween the means of dependent and independent groups
were determined using paired t-test and unpaired t-test,
respectively. Significant differences were assumed at p va-
lues less than 0.05.

Results

Formulation of rosemary oil in water
nano-emulsion (REO/NE)

In this study, different fractions of the hydrophilic phase
(distilled water), lipophilic phase (REO) and the mixture of
surfactant and co-surfactant (tween 80 and span 20) at a ra-
tio of 2:1, were used to determine the proportion of the con-
stituents that resulted in one phase of the REO/NE product.
Figure 1A-D show the three-, two- and bi-continuous phase
emulsions produced at different proportions of the constitu-
ents. As displayed in Figure 1F, a clear one-phase REO/NE
was obtained when 1.78% of REO was mixed with 92.8% of

A) Three Phase Emulsion

3259 i 28.08 17.96

25.80

30
L

49.35

41.00

B) Two-Phase Emulsion (O/W) C) Bi Phase D) Two-Phase Emulsion (W/0)
178 541
\
230 >
= 180 =
B s
923 & 130 ~
z T, "
g
§ 80
=
E) REO/NE (W/O; o o
) (w ) 15 20 25 30 35 40 45 50 55 60 65 70 75

Temperature Co

F) The opacity of the REO/NE

Figure 1. Pie charts showing three phases, two phases and one
phase, based on the proportions of the constituents. A-D show
three, two and bi-continuous phase emulsions. E: One phase
of rosemary oil in water nano-emulsion (REO/NE). The green,
blue and yellow slices represent the rosemary oil, distilled water
and the mixture (2:1) of tween 80 to span 20, respectively. F: Tur-
bidity — temperature curve of the resultant one-phase REO/NE
showing the changes in the opacity of the formula at different
temperatures. Data are presented as mean +SD (n = 3).

water in the presence of 5.41% of the mixture of tween 80
and span 20. Figure 2F shows the graph of turbidity of the
resultant REO/NE at different heating temperatures. Turbi-
dity was maintained from 25 to 60 °C, but it was markedly
increased upon heating the system from 65 to 75 °C.

Physical characteristics of REO/NE and
REO/NE+MC using Zetasizer

The physical properties of the formulations are presen-
ted in Figure 2. The size distribution curves revealed that
the mean diameters of synthesized REO/NE and REO/
NE+MC were 59.22 + 1.14 nm and 71.43 + 1.32 nm, res-
pectively, while both had similar polydispersity index of
0.02. In terms of zeta potential, the negative magnitude of
REO/NE resulted in no remarkable change in the droplet
charge after combined with MC.

Effects of MC, REO/NE and their com-
bination on the viability of MCF-7 cells
and HelLa cells

The effect of various concentrations of REO/NE and MC
on the growth of MCF-7 and HeLa cells, expressed as frac-
tions of cells affected (Fa) for 24 h (based on MTT assay),
are shown in Figure 3A, B. The data demonstrates that the
fractions of growth inhibition of the HeLa cells were mar-
kedly increased when treated with either the selected con-
centrations of REO/NE or when subjected to < 1.98 uyM MC
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Figure 2. (A) Size and (B) zeta potential of REO/NE and REO/
NE + MC, measured using DLS. The data are presented as mean
£SD (n = 3). The symbol NS indicates no significant difference;
*** indicates significant differences between the formulations,
(p < 0.001; paired sample ¢-test).

> Fa values of MCF-7 cells (p < 0.05). Figure 3C shows that
REO/NE and MC exhibited dose-dependent cytotoxicity,
with IC_ values of 1.83 + 0.23% (v/v) and 49.65 + 1.97 uM,
respectively, on the MCEF-7 cells, which were 1.30-fold and
1.66- fold, respectively, higher than those in HeLa cells.
The half-maximal inhibitory concentration (IC, ) values of
the individual drugs are shown in Figure 3C.
Furthermore, the MCF-7 and HeLa cells were treated
with varying concentrations of the combination (REO/NE
+ MC) for 24 h, at levels that did not exceed the IC,, values
of MC alone. The results in Figure 3A show 50% inhibiti-
on of cell growth when MCF-7 cells were treated with 1%
(v/v) REO/NE + 1.49 uM of MC. In contrast, treatment
of MCF-7 cells with 1% REO/NE and 1.49 uM led to 15%
and 18% inhibitions of cell growth, respectively. Regar-
ding HeLa cells, 49 and 26% inhibitions of cell growth re-
sulted when they were subjected separately to 1.33% (v/v)
REO/NE and 1.98 uM MC, while 50% inhibition of cell
growth occurred when the two were combined (Fig. 3B).

Effect of combination of REO/NE and
MC on MCF-7 and HelLa cells

Figure 4A shows the interactions between REO/NE and
MC in MCF-7 and HeLa cells in dose-effect curves, which
are represented by the m values obtained from their linea-
rization with the median-effect plots (Fig. 4B) and sum-
marized in Table 1. The result demonstrated that m values
of the REO/NE dose-effect curves in both cell lines were
similar (p > 0.05; m > 1), indicating steep curves, while
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Figure 3. Inhibition of cell proliferation expressed as fraction
affected (Fa) and assessed with MTT. Bar charts showing the Fa
of (A) MCF-7 and (B) HeLa cells after 24 h of treatment with
different drug concentrations. (C) IC, of individual drug treat-
ments. Data shown are presented as mean +SD (n=3). The sym-
bols * and " indicate significant differences between MCF-7 and
HeLa cells. ® indicates differences between MC and REO/NE +
MG; *'p <0.05, “P <0.01, * %% P <0.001.

the m value of MC was markedly lower in MCF-7 cells
more than in HeLa cells (p < 0.05; m < 1), suggesting a
shallower curve for MC in MCEF-7 cells than in HeLa cells.

To determine whether the combination of REO/NE
and MC produced higher cytotoxic effects on MCF-7 and
HeLa cells than the predicted individual cytotoxicity, the
Chou-Talalay method for non-constant ratio of REO/NE
+ MC combination was used to estimate the combinati-
on index (CI) through CompuSyn Software (Fig. 5). The
results of Fa-CI plots revealed different patterns of inter-
actions between REO/NE and MC in MCF-7 and HeLa
cells. In particular, the CI values in MCE-7 cells increased
in the direction of increasing the Fa values, with a value of
0.99 at Fa 0.54. However, a slight increase in the CI to 1.01
was observed when Fa increased to 0.7. At Fa 0.96, the CI
value reached 0.6 and was similar to the CI at Fa 0.28. In
contrast, for MCF-7 cells, CI values at Fa < 0.5 were above
1 and were slightly reduced to 1.1 at F 0.55. Thereafter, CI
was decreased gradually to 0.43 at Fa 0.96.

Treatment with REO/NE + MC induced
nuclearmorphology change and apoptosis

To quantify the apoptotic effect of the individual and
combined formulas of REO/NE and MC, the averages of
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Figure 4. (A) Dose-Effect Curve, and (B) its linearization with Median-Effect Plots for effects of single and combination treatments

with REO/NE and MC on MCF-7 and HeLa cells.

Table 1. Parameters of the dose-effect relationships for treat-
ment with drug combinations of REO/NE with MC in MCF-7
and HeLa. Potency, shape and conformity of the median-effect
plot are represented by Dm, m, and the linear correlation coeffi-
cient (r), respectively. Data shown are pooled results of a mini-
mum of three independent experiments.

Drug Dm m r
MCE-7 REO/NE 1.86 2.14+0.16 0.99

MC 427.38 0.26 +0.04 0.93
HeLa REO/NE 1.30 243 +0.15 0.99

MC 10.00 0.68 +0.05 0.99

nuclear areas visualized via DAPI staining in the micro-
scopic images of MCF-7 (Fig. 5A) and HeLa cells (Fig.
6A) are summarized in Figures 5B, 6B, respectively. Cells
were treated for 24 h with 3 different concentrations of
the formulas, chosen according to the results of MTT as-
say. At a concentration of 0.47% (v/v) REO/NE and 0.7
uM MC, treatment of MCF-7 cells with REO/NE pro-
duced markedly higher reduction in the nuclear areas,
when compared with MC treatment MC (p < 0.01). In
contrast, the nuclear areas of HeLa cells treated with
MC were smaller than the corresponding areas of cells
treated with REO/NE (p < 0.05). In the case of combi-
nation therapy, a higher decrease in the nuclear area of
MCF-7 was observed with 0.7 uM MC combined with
0.47% (v/v) REO/NE, when compared the nuclear are-
as of MCF-7 due to individual drug treatments. When
HeLa cells were treated with a similar concentration of
the combination, the nuclear area appeared smaller than
that of REO/NE-treated cells but was larger than that in
MC-treated cells (p < 0.01).

However, the treatment of MCF-7 with 1% REO/NE
(v/v) and HeLa cells with 1.33% (v/v) REO/NE produ-
ced the least nuclear areas, when compared to the cells
treated with MC at doses of 1.48 uM and 1.98 uM MC
only, or with the combined formulations. As the concen-
tration of REO/NE was increased to 2% (v/v) and that
of MC to 4.94 uM, MCEF-7 cells exhibited more marked
reductions in nuclear areas than when subjected to MC
(p <0.01). Treatment of MCF-7 cells with REO/NE com-
bined with MC led to the least nuclear areas, relative to
individual treatment (p < 0.001). On the other hand,
Hela cells treated with 2% (v/v) REO/NE or 4.94 uM
MC revealed similar nuclear areas (p > 0.05). However,
smaller nuclei areas were produced with the combined
formula (p < 0.01).

Discussion

Nano-delivery systems for transport of chemotherapeu-
tic agents may minimize their severe side effects and the
therapeutic doses. In this study, REO/NE produced with
high-pressure homogenization technique, was used as a
nano-carrier for the anticancer agent MC. The opacity of
the REO/NE was determined from turbidity curve (Chue-
siang et al. 2018). The opacity was maintained when the
temperature was increased from 25 °C to 65 °C due to the
small size of the nanodroplet diameter of REO/NE (59.22
+ 1.14 nm) and the narrow distribution of the mean dr-
oplet size (PDI = 0.02), which are known to influence the
opacity property of the system (Mishra et al. 2014; Pagar
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Figure 6. Fluorescence images (x400) of DAPI-stained MCEF-
7 cells treated with different formulations for 24 h. The treat-
ed cancer cells showed abnormalities in the nucleus (*p <0.05,
"Sp <0.01, 7% P <0.001). The symbol " indicates differences
between MC and REO/NE; * indicates differences between REQ/
NE + MC and each of the individual treatments. Data shown
are results from a minimum of three independent experiments.

and Darekar 2019; Hien and Dao 2019). Moreover, REO
has a low tendency for release in a hydrophilic environ-
ment due to its lipophilicity, resulting in increased con-

nection with the lipophilic components in the NE droplets
(Arabi et al. 2017). It is noteworthy that the REO/NE be-
came less stable when the temperature of the solution was
increased above 65 °C. This might be due to the presence of
tween 80 and span 20, which tend to be more hydrophobic
and poorly soluble in water as a result of having chains of
polyethylene oxide moieties. Thus, the micelle enhanced
the release of oil droplets to the hydrophilic phase, there-
by forming a cloudy solution (McClements and Rao 2011;
Sharma et al. 2013; Komaiko and McClements 2016).

Upon mixing MC with REO/NE, the droplet size of
REO/NE+MC was markedly increased to 71.43 + 1.32 nm
without any significant change in the charge of the dr-
oplets, indicating that MC was incorporated inside the
nanodroplets. Previous studies have reported that the dia-
meter of a drug-incorporated nanocarrier is considerably
larger than the diameter of the drug-free nanocarrier (Ba-
hari and Hamishehkar 2016; Stella et al. 2018). With re-
gard to the advantages of using REO/NE as a nanocarrier
for MC, it was postulated that the combination may have
synergistic or additive effects that would result in marked
enhancement of the anti-cancer effects of MC. To achie-
ve this, the growth inhibition concentrations of REO/NE,
MC and their combined form against MCF-7 and Hela
cells were determined using MTT assay. The results sho-
wed that REO/NE or MC caused higher marked dose-de-
pendent growth inhibition of Hela cells than MCF-7 cells.
Previous studies have shown that REO exerted antiproli-
ferative effects against various cancer cells via inhibition
of the signaling pathways for survival and proliferation
(Wang et al. 2012; Valdes et al. 2013; Melusova et al. 2014;
Valdes et al. 2016; Sujatha and Sirisha 2019). A recent stu-
dy demonstrated high toxicity of liposomal carriers for
REO against MCF?7 cells due to the enhancement of REO
delivery to the target cells (Salari and Salari 2019).

The synergistic effect of combination treatment on MCF-
7 and HeLa cells was assessed using CalcuSyn software to
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Figure 7. Fluorescence images (x400) of DAPI-stained HeLa
cells treated with different formulations for 24 h. The treated can-
cer cells showed nuclear abnormalities. (*'P <0.05, “*p < 0.01,
"85 <0.001, NS = not significant). The symbol * indicates differ-
ences between MC and REO/NE; *® indicates differences between
REO/NE + MC and each of the individual treatments. Data shown
are results of a minimum of three independent experiments.

determine the CI as described by Chou and Talalay. The
Fa-CI plot revealed different patterns of interactions in the
MCEF-7 and Hela cells at low concentrations. In particular,
synergistic antitumor activity was obtained via combination
of 0.47% (v/v) REO/NE and 0.7 pM MC in MCF-7 cells (CI
=0.62, Fa= 0.28), while a clear evidence of antagonistic effect
was demonstrated in HeLa cells (CI = 1.41, Fa=0.17). At the
IC,, for cell growth, there was a synergism between 1% (v/v)
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