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A B S T R A C T   

Drug resistance is the main responsible for chemotherapy failure in ovarian cancer treatment. In this study, we 
looked at increasing the anticancer effect of paclitaxel (PTX) through its encapsulation in novel polymeric 
nanocapsules to develop a novel, less invasive PTX-loaded nano-delivery system. These were synthesized by a 
microemulsion-based methodology, and their particle size and shapes determined using dynamic light scattering 
(DLS) and field emission scanning electron microscopy (FESEM). The synthesized PTX-loaded polymeric nano
capsules showed spherical morphology with approximately ca. 18 nm. In vitro cytotoxicity analysis of free 
administered PTX, bare and PTX-loaded polymeric nanocpasules by means of the MTT assay showed that much 
lower concentration of PTX loaded inside polymeric nanocapsules (2.2 µg/ml) were needed to achieve a similar 
therapeutic activity than the free administered drug (14.4 µg/ml). Polymer nanocapsule encapsulation of PTX 
then improved the therapeutic efficacy as shown by the reduction of IC50 concentration. MYC, MECOM, PRKCl 
gene and caspases-3, − 8, and − 9 protein expressions involved in the apoptotic pathway after the treatment of 
SKOV-3 cells with PTX-loaded polymeric nanocapsules were assessed by qRT-PCR and fluorometric assay, 
respectively. The expression level of MECOM increased 1.67 times upon administration of PTX-loaded polymeric 
nanocapsules compared with untreated SKOV-3 cancer cells as the control group (P < 0.001); conversely, MYC 
and PRKCl gene expressions were 0.40 and 0.45 times lower compared to control cancerous cells (p < 0.001). 
The expression of caspase-3, caspase-8, and caspase-9 proteins also significantly increased after the adminis
tration of PTX-loaded polymeric nanocapsules to cancer cells (p ≤ 0.001). On the other hand, fluorescence 
microscopy analysis showed nuclei fragmentation after administration of 24.1 μg/mL of PTX-loaded polymeric 
nanocapsules, which is accompanied by morphological cell alterations, confirming the cytostatic activity of the 
nanoformulation. Therefore, the synthesized PTX-loaded polymer nanocapsules could be promise and potential 
nano-delivery system for PTX delivery in ovarian cancer chemotherapy.   

1. Introduction 

Cancer is becoming the second cause of death worldwide after car
diovascular diseases, with 13 million cancer deaths and more than 21 
million new cases predicted globally by 2030 [1]. Amongst the different 
types of tumors, ovarian cancer ranks the fifth most fatal for females. 
The risk of suffering an ovarian cancer throughout womeńs life is 1 out 
of 78 whereas the risk of death ca. 1 out of 108, consequence in many 

cases of the insufficient efficacy of current therapies [2], for which 
paclitaxel and cisplatin are the two main standard-of-care drug-based 
treatments [3]. Ovarian cancer is considered to involve multiple 
genomic reorganizations, part of which still remains unknown [4]. What 
it is clear is that the bad prognosis and relatively high mortality of this 
type of cancer is directly related to the development of drug resistance 
mechanisms upon treatment [5]. These are mainly related to the mo
lecular activity and expression of drug efflux pumps, altered pH of 
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tumoral cells, deficient DNA damage repair capacity, and methylation of 
different genes [6]. However, other processes such as insensitivity to 
drug-induced apoptosis and stimulation of drug-detoxifying mecha
nisms might also largely contribute to decrease the efficacy of chemo
therapy to treat this cancer [7]. Advanced ovarian cancer is also affected 
by extensive oncogene alterations amongst which the MYC oncogene 
amplification occurs in approximately half of tumors, thus, being 
considered a potential therapeutic target for ovarian cancer therapy [8] 
and one of the seven major driver cancer genes identified in a genomic 
landscape investigation of breast cancer [9]. Previous studies also 
showed that MECOM and PRKCI are growth-promoting genes largely 
expressed in ovarian cancer [4]. MECOM gene (also known as ecotropic 
virus integration site 1, EVI1) encodes a zinc finger protein that plays a 
role as a transcription factor [10–12] whilst PRKCI gene encodes protein 
kinase C iota (PKCi) enzyme, a member of the protein kinase C family 
and an oncogenic K-Ras effector protein [13–15]. 

Paclitaxel (PTX) is a potent anticancer drug with a diterpenoid 
pseudoalkaloid structure [16] which has been accepted by the US Food 
and Drug Administration (FDA) as first line treatment of both ovarian 
and breast cancers. Nevertheless, administration of PTX is challenging 
due to its negligible bioavailability [16]. Numerous nanoformulations to 
solve this issue and then decrease potential adverse side effects of this 
drug have been developed and analyzed such as nanoparticles, lipo
somes, microspheres and nanosponges [16]. In this regard, nano
capsules are vesicular structures including a polymeric membrane that 
encloses an inner liquid core [16] and have been widely studied as a 
potential drug delivery system in recent years. Nanocapsules—as one of 
kind nanoparticle— have a unique nanostructure, consisting of a liquid/ 
solid core with a polymeric shell with sizes ranging from 10 nm up to 
1000 nm [17], and may provide extraordinary permeability and drug 
solubility enhancements as well as improving bioavailability whilst 
reducing harmful side effects [18,19]. Compared with solid polymeric 
nanospheres, the solid/oil core of nanocapsules can effectively increase 
the drug-loading efficiency, while reducing the polymeric matrix con
tent of nanoparticles [20]. In this regard, both lipo-polymer and Plur
onic F127 polymeric-based nanocapsules have been used to successfully 
load PTX into their cores. For example, a Pluronic F127-based nano
formulation was able to inhibit tumor cell growth and reduced IC50 
compared to free PTX administration [21]. However, a deep analysis of 
the antineoplastic effect of PTX-loaded Pluronic F127 polymeric nano
capsules on ovarian cancer has not been investigated yet and, in 
particular, our focus is on understanding how PTX-loaded polymeric 
nanocapsules affect MYC, MECOM, PRKCl genes and caspases-3, − 8, and 
− 9 protein expressions involved in the cell apoptotic pathway after 
treatment administration. In this study, the chemotherapeutic activity of 
the drug PTX was investigated upon its encapsulation within small 
polymeric nanocapsules to develop a novel, less invasive, PTX nano- 
delivery system against malignant SKOV-3 human ovarian carcinoma 
cells. Our in vitro cytotoxicity data revealed that lower concentrations of 
PTX-loaded polymeric nanocapsules lead to similar cytotoxic activity as 
compared to the free drug alone. Our results showed that 1 μg/mL 
polymer nanocapsules reduced the IC50 of PTX from 14.4 to 2.2 μg/mL 
during the first 72 h. Interestingly, PTX-loaded polymer nanocapsules 
significantly increased apoptosis via caspase-dependent pathways as 
well as cytoskeletal structure disruptions in SKOV-3 cancer cells. 

2. Materials and methods 

2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM, high glucose, Caisson, 
Smithfield, USA), PTX (Rooyan Darou, Tehran, Iran), fetal bovine serum 
(FBS) (Gibco, Paisley, UK), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazolium bromide (MTT) (Sigma-Aldrich, USA), sodium chloride 
(Merck, Germany), disodium hydrogen phosphate (Merck, Germany), 
potassium dihydrogen phosphate (Merck, Germany), potassium chloride 

(Sinchem, South Korea), Pluronic F127 (BASF, New Jersey, USA), so
dium caprylate (Sigma, St. Louis, USA), ethyl butyrate (Sigma, St. Louis, 
USA); potassium phosphate monobasic (Fisher Scientific Inc. Suwanee, 
GA),and potassium phosphate dibasic (Fisher Scientific Inc. Suwanee, 
USA) were of the highest purity level and used as received. On the other 
hand, malignant human ovarian cancer cell line (SKOV-3) was pur
chased from Pasteur Institute (C209, ATCC number HTB-77, Tehran, 
IR). Cells were cultured in DMEM containing 10 % (v/v) fetal bovine 
serum (FBS (Gibco, Paisley, UK) with 0.2 % gentamicin at 37 ◦C under 5 
% CO2-95 % air atmosphere with 70–80 % humidity. 

2.2. Preparation of PTX-loaded polymeric nanocapsules 

Preparation of PTX-loaded polymeric nanocapsules was carried out 
as described elsewhere [22–24]. PTX-loaded polymeric nanocapsules 
were obtained by dissolving 0.04 g of PTX in an 1 % (w/w) ethyl 
butyrate oil solution containing sodium caprylate (0.08 g); next, F127 
(0.009 g) in phosphate-buffered saline (PBS, pH 7.4) in an ethyl buty
rate:Pluronic F127 molar ratio of 1 were added and the resulting solu
tion (10 mL) vigorously stirring at room temperature. The made PTX- 
loaded polymer nanocapsules were kept for 4 months in order to test 
their colloidal stability. A scheme of the PTX-loaded polymeric nano
capsules is shown in Fig. 1. 

2.3. Dynamic light scattering (DLS) and field emission scanning electron 
microscopy (FESEM) of PTX-loaded polymer nanocapsules 

DLS was carried out to measure the size of PTX-loaded and bare 
polymeric nanocapsules using an ALV-5000F Goniometer System 
(Sartorius, Germany) coupled with a diode-pumped solid-state laser to 
supply polarized incident light as described elsewhere [25,26]. The 
system was combined with a digital correlator (ALV SP-86, 25 ns to 100 
ms). DLS was carried out at an angle of θ = 90◦. The hydrodynamic 
diameter of nanocapsules was calculated according to the Stokes- 
Einstein relationship [26]. The size of nanomicelles can be character
ized according to the Stokes-Einstein equation [23,24]: 

Rh =
kBT

6ηπD
(1)  

where T is the temperature in K, η is the viscosity of the continuous 
phase, and KB is Boltzmann’s constant. 

Particle morphology was also analyzed by field emission scanning 
electron microscopy (Tescan Mira3, Czech Republic). To do that, the 
solution sample was deposited on aluminum foil and vacuumed, then 
covered with a thin gold layer by sputtering and imaged. 

2.4. Drug encapsulation efficiency 

The encapsulation efficiency (EE%) of PTX-loaded nanocapsules was 
evaluated by UV–vis spectroscopy (Shimadzu UV-1700 PharmaSpec, 
Kyoto, Japan), following the method described by Rahdar et al. [27] In 
this regard, PTX-loaded nanocapsules were centrifuged at 20000 rpm for 
60 min. The concentration of PTX in the supernatants was determined 
by absorbance at 227 nm. Finally, the PTX concentration was calculated 
by a standard calibration curve, and the EE% calculated using the 
following equation: 

Encapsulation efficiency (EE%) =

(
[PTX]total − [PTX]free

)

[PTX]total
× 100 (2) 

where [PTX]total and [PTX]free is the concentration (mass) of drug 
initially fed and not incorporated in the nanocarrier, respectively. 

The drug loading (DL%) was calculated as follows: 
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Drug loading (DL%) =

(
[PTX]total − [PTX]free

)

[nanocapsules]
× 100 (3) 

where [nanocapsules] is the mass of the nanocarriers containing the 
drug. 

2.5. Drug release 

PTX release profiles for free PTX and PTX-loaded nanocapsules were 
determined by dialysis experiments using a 10 kDa cut-off dialysis 
membranes. Accordingly, a certain amount (1 mL) of free drug and drug- 
loaded nanovehicles was poured into 10 kDa dialysis membranes. The 
dialysis bags were immersed in 50 mL of PBS (pH 7.4) and incubated in a 
shaker incubator at 37 ◦C (90 rpm). At different time points, 100 µL of 
the sample solution were transferred to a test tube and replaced with 
100 µL of fresh PBS solution. The concentration of released PTX was 
assessed by UV spectrophotometry (Shimadzu UV-1700 PharmaSpec, 
Kyoto, Japan) at 227 nm. Finally, the concentration of PTX at each time 
point was evaluated by a standard calibration curve and expressed as the 
percent of cumulative drug released. 

2.6. MTT cytotoxicity assay 

SKOV-3 cancer cells were cultured at 1 × 104 cells/well on 96-well 
plates with DMEM supplemented with 10 % (v/v) FBS and incubated 
in an 80 % humidified-5 % CO2 atmosphere at 37 ◦C. Selection of dos
ages was done to cover a wide range of drug concentrations from below 
to highly exceeding the currently used therapeutic concentrations. Cells 
were then treated with free PTX (2, 4, 8, 16, 31, 62, 125, 250, and 500 
µg/mL), bare polymeric nanocapsules (equivalent PTX concentration of 
3.6, 7.2, 14.3, 28.7, 57.3, and 114.7 µg/mL), and PTX-loaded polymeric 
nanocapsules (final PTX concentration of 3.0, 6.0, 11.9, 23.8, 47.6, 95.3, 
and 190.5 μg/mL), and their cytotoxic effect evaluated by means of the 

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (MTT) 
assay [27,28] after 24 and 72 h of incubation. Differences in concen
trations arose from the real quantification of the drug presence in so
lution and not from estimates. The MTT reagent solution was made by 
dissolving 5 mg of MTT in 10 mL of PBS. Then, at suitable time points, 
100 µL of MTT (0.5 mg/mL) reagent (Sigma, St Louis, MO, USA) were 
added to each well. The plates were incubated for 4 h in an 80 % hu
midified-5 % CO2 atmosphere incubator at 37 ◦C. Then, MTT reagent 
was eliminated and 100 µL isopropanol added to each well. The plates 
were incubated for 5 min until the formazan crystals dissolved, and the 
absorbance at 570 and 630 nm was measured with a microplate reader 
(Bio-Rad, Hercules, CA, USA). Cell viabilities were presented as the % 
survival rate, using the following equation [29]: 

Survival rate (%) =

⎛

⎜
⎜
⎝

[
Awell(570nm) − Ablank(570nm)

Awell(630nm) − Ablank(630nm)

]

[
Acontrol(570nm)

Acontrol(630nm)

]

⎞

⎟
⎟
⎠× 100 (4) 

where A refers to the absorbance, and the subscripts well, blank and 
control to the absorbance of sample, negative control and positive 
control, respectively. 

2.7. RNA extraction and cDNA synthesis 

Total RNA extraction and cDNA synthesis was carried out using the 
EasyPure® RNA Kit (TransGene Biotech, China) and EasyScript® First- 
Strand cDNA Synthesis SuperMix Kit (TransGene Biotech, China), 
respectively, according to the manufacturers ́ instructions. Briefly, the 
prepared cell suspension (<5 × 106 cells) was transferred to a RNase free 
test tube and then centrifuged at 12000 × g (5 min). Next, cells were 
lysed by binding buffer 4 (BB4). Then, the cell pellet was homogenized 
at 12000 × g for 5 min. Finally, the RNA purification was carried out at 
room temperature according to the kit manufacturerś instructions. Total 

Fig. 1. Scheme of PTX-loaded polymer nanocapsules (Figure created with Biorender).  
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RNA was used for synthesis of cDNA. For that, anchored oligo (dT)18 
primer was incubated at 42℃ for 30 min, and then finally incubated at 
82℃ for 5 s to inactivate enzymes. 

2.8. SYBR green real-time PCR 

The expression levels of MYC, PRKCl, and MECOM genes were 
evaluated using an Applied Biosystems StepOne™ Real-Time PCR Sys
tem (Thermofisher Scientific, USA) and TransStart® Green qPCR 
SuperMix Kit (TransGene Biotech, China). Briefly, the synthesized cDNA 
was subjected to SYBR green real-time PCR. Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) was used as the housekeeping 
gene. RT-qPCR conditions are shown in Table 1. The genes expression 
levels were calculated by means of the 2− ΔΔCt method [30]. All primers 
were automatically designed by Primer3 package [31,32]. Next, the 
primer specificity was further predicted by using the online tool Primer- 
BLAST [33]. 

2.9. Measurement of apoptosis by caspase-3, − 8, and 9 protein 
expressions. 

According to manufacturers ’ instructions, the colorimetric assay of 
caspases-3, − 8, and − 9 activities was carried out using the Caspase 
Substrate Assay Kit (Abnova, Taipei, Taiwan). This was done to quantify 
the caspase enzyme activity by recognizing the amino acid sequences, 
Ac-DEVD-pNA (for caspase-3), Ac-IETD-pNA (for caspase-8), and Ac- 
LEHD-pNA (for caspase-9), respectively. Briefly, SKOV-3 cells were 
treated with 24.1 μg/mL of PTX-loaded nanocapsules for 24 h. Next, 
cells (5 × 105 per sample) were collected and added to 50 μL lysis buffer 
on ice for 10 min. Following centrifugation at 10.000g for 1 min, the 
lysate was collected and stored at − 20 ◦C until further use. The quan
tification was made by measuring the absorbance at ca. 400–405 nm in 
an ELISA reader (Perlong, MR-960, China). 

2.10. Cell morphological evaluation by fluorescence microscope 

The morphological changes of SKOV-3 cells after treatment were 

carried out as described elsewhere [34]. Briefly, SKOV-3 cells (5 × 105 

cells) were treated with PTX-loaded polymeric nanocapsules at a con
centration of 24.1 µg/mL for 24 h in 6-well plates, and subsequently 
collected and fixed at 4 ◦C for 20 min. Cells were then stained with 
Hoechst 33,342 in the dark for 5 min, followed by washing three times 
with PBS. Finally, the morphological changes of SKOV-3 cells were 
observed by fluorescence microscopy (Optika, B-500TiFL, Italy). 

2.11. Statistical analysis 

All data were reported as a mean ± standard deviation and analyzed 
with SPSS software version 28.0.1 (SPSS Inc., USA). Each measurement 
was the mean of three different replicates. Statistical significance was 
calculated using Student’s t-test for the comparison of two groups, and 
one-way analysis of variance (ANOVA) to assess multiple groups [35]. 
*P < 0.05 was considered statistically significant, **P < 0.01 very sta
tistically significant and ***P < 0.001 as extremely statistically 
significant. 

3. Results 

In the present study, we aimed to increase and improve the antitu
moral efficacy of paclitaxel (PTX) through its encapsulation within 
polymeric nanocapsules to develop a novel, less invasive, PTX nano- 
delivery system against malignant human ovarian carcinoma cell. 

3.1. Characterization of PTX-loaded polymeric nanocapsules. 

The homogenous PTX-loaded polymeric nanocapsules were prepared 
by a microemulsion-based method. Fig. 2A and B display the autocor
relation function and the hydrodynamic size population distribution of 
the PTX-loaded polymeric nanocapsules, respectively, which have a 
hydrodynamic diameter of ca. 18 ± 1 nm. The lack of tail at long delay/ 
sampling times and the existence of narrow porpulation distribution 
confirmed the homogeneous character of the nanocapsule sizes. The 
particle size is largely maintained upon incubation for long periods of 
time (see Fig. 2C), without signs of either aggregation or precipitation 
(Fig. 2D), denoting the stability of the formulation. The morphology of 
polymeric nanocapsules was also observed by FESEM after 4 months of 
storage. As shown in Fig. 2E, polymeric nanocapsules retained their 
spherical shapes, with a mean diameter size of ca. 23 ± 4 nm. It is worth 
mentioning that the size obtained by FESEM is rather similar as that 
obtained by DLS; nevertheless, some little particle swelling may occur 
upon storage due to water penetration inside the nanocapsule, as 
observed from Fig. 2C but the colloidal stability and maintenance of 
particle morphology was completely maintained as mentioned 
previously. 

On the other hand, the encapsulation efficiency of PTX inside the 
present polymeric nanocapsules was ca. 83.8 ± 4.7 % and the drug 
loading ca. 1.8 ± 0.6 %, respectively, even better than those obtained in 
some previous studies [36]. In addition, Fig. 2F shows the release profile 
of PTX encapsulated in the polymeric nanocapsules and of free drug 
calculated as the accumulative PTX release from dialysis experiments. 
The release profile of free PTX showed that ca. 100 % of the drug was 
released just after 4 h of incubation. Meanwhile, PTX released from 
polymeric nanocapsules showed a much slower release kinetics with an 
initial burst phase within ca. the first five hours of incubation, in which 
up to ca. 38 % of the drug was released and then, it leveled off to reach 
ca. 47 % of total drug after 48 h of incubation [37–39]. 

3.2. Cytotoxicity of PTX-loaded polymeric nanocapsules in SKOV-3 
cancer cells. 

Cytotoxicity assays confirmed that the developed nanocapsules were 
non-toxic to cells (see Fig. 3). Data showed that the half-maximal 
inhibitory concentration (IC50) was 9.5 and 24.1, and 14.4. and 2.2 

Table 1 
Sequence of the primers designed for real time PCR assay.  

Primer Sequence (5′→3′) Condition Product 
size(bp) 

MYC: F 
MYC: R 

AGACAGATCAGCAACAACCGAA 
ACAAGAGTTCCGTAGCTGTTCA 

95℃ for 10 min, 
40 Cycles: 
95℃ for 15 s, 
60℃ for 1 min 
Melt curve: 
95℃ for 15 s, 
80℃ for 1 min, 
95℃ for 15 s  

314  

PRKCl: F 
PRKCl: R  

ACGGCATGTGTAAGGAAGGATT 
TGTGTTCTGGTCAGGGTTATCG  

95℃ for 10 min, 
40 Cycles: 
95℃ for 15 s, 
60℃ for 1 min 
Melt curve: 
95℃ for 15 s, 
80℃ for 1 min, 
95℃ for 15 s  

209  

MECOM: 
F 
MECOM: 
R  

TAATTCGCCACCAGATGTCACA 
CTGTGGATGTGCTTGTGTTGTT  

95℃ for 10 min, 
40 Cycles: 
95℃ for 15 s, 
60℃ for 1 min 
Melt curve: 
95℃ for 15 s, 
80℃ for 1 min, 
95℃ for 15 s  

195 

Abbreviations: F = forward; R = reverse. 

M.G. Ara et al.                                                                                                                                                                                                                                  



Journal of Molecular Liquids 384 (2023) 122190

5

µg/mL after the administration of free PTX and PTX-loaded polymer 
nanocapsules after 24 and 72 h of incubation, respectively. Hence, the 
encapsulation of PTX inside the polymeric nanocapsules seems to 
enhance the drug efficacy as indicated by the decrease in IC50 con
centration [36]. 

3.3. Evaluation of caspase-3, − 8 and − 9 activities. 

The caspase-3, − 8, and − 9 proteins expressions and activities after 
treating SKOV-3 with PTX-loaded polymeric nanocapsules were evalu
ated. The expression of these proteins significantly increased after the 
administration of the drug-loaded polymeric nanocarrier compared to 
untreated SKOV-3 ones used as the control group (p ≤ 0.001) and to free 
administered drug (Fig. 4), that is, the administration of the PTX-loaded 
nanovehicle significantly increased the apoptotic pathway as a conse
quence of its reinforced chemotherapeutic activity. 

3.4. Effect of PTX-loaded polymer nanocapsules on MYC, MECOM and 
PLAU gene expressions in SKOV-3 cancer cells 

For the first time, developed qt-PCR experiments allowed to quantify 
the expression levels of genes related to the development of chemo
therapy resistance in ovarian cancer. In this regard, interestingly, the 
expression level of MECOM increased 1.67 times for the PTX-loaded 
polymeric nanocapsules treated group compared with untreated 
SKOV-3 cancer cells as the control (P < 0.05) (see Fig. 5); conversely, the 
results showed that MYC and PRKCl gene expressions were 0.40 and 
0.45 times lower in SKOV-3 cancer cells treated with PTX-loaded poly
mer nanocapsules compared with untreated SKOV-3 cancer cells, 
respectively (p < 0.001). 

Fig. 2. A) DLS autocorrelation function of PTX-loaded polymer nanocapsules. B) Size distribution population of PTX-loaded nanocapsules obtained by DLS. C) Size 
evolution of PTX-loaded polymeric nanocapsules upon incubation. D) Image of PTX-loaded polymeric nanocapsules after 4 months of storage. E) FESEM image of 
bare polymeric nanocapsules after 4 months of storage. F) Release profiles of (●) free PTX and (▴) encapsulated inside the nanocapsules at pH 7.4 and 37 ◦C (n = 3). 
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3.5. Morphological changes in malignant ovarian carcinoma cells after 
drug-loaded nanovheicle administration 

After treatment with free PTX and PTX-loaded polymeric nano
capsules, potential morphological alterations of the cancerous cells were 
examined under light microscopy. Fig. 6 shows images of cells treated 
with free PTX, with PTX-loaded polymeric nanocapsules, and cells 
exposed to bare polymeric nanocapsules obtained by light (A) and 
fluorescent microscopy (B). 

Fig. 6 confirmed that after treatment with 24.1 μg/mL of PTX-loaded 
polymeric nanocapsules morphological changes could be observed in 
the cell nuclei under fluorescence microscopy (Fig. 6B), whereas such an 
effect could not be discerned upon administration of bare polymeric 
nanocapsules. Interestingly, the observation of apoptosis features was 
observed PTX-loaded nanocapsule treated cells such as chromatin, nu
clear and cytoplasmic condensations (Fig. 6B). Also, cell membrane 
blebbing and decrease of cell volume was also observed, which are 

characteristic features of the final stage of apoptosis, as confirmed in 
Fig. 6A. In this regard, stable and regular stained nuclei were observed 
with a less bright blue fluorescence in the untreated SKOV-3 cancer cells 
group (Fig. 6B). Light microscopy also revealed morphological alter
ations in PTX-loaded polymeric nanocapsules and free PTX-treated 
SKOV-3 cancer cells after 24 h of incubation (Fig. 6A). The cells began 
to round and lose their shape. At high concentration, these changes 
intensify, and many cells separate to form irregularly shaped masses. At 
much greater dosages, cell density dropped as consequence of cell death 
and detachment. 

4. Discussion 

In this study, we intended to enhance the anticancer effect of pacli
taxel (PTX) by means of its encapsulation into polymeric nanocapsules 
to develop a novel, less invasive, PTX nano-delivery system against 
malignant human ovarian carcinoma cells (SKOV-3). The most common 
clinical treatment of progressive ovarian cancer is based on surgery 
followed by chemotherapy, for which the most effective and first-line 

Fig. 3. Cytotoxicity of bare nanocapsules, free PTX and PTX-loaded polymeric nanocapsules in SKOV-3 cancer cells after A) 24 and B) 72 h of incubation, 
respectively. 2; 4; 8; 16 31; 62; 125; 200; 250; 500 μg/mL of PTX. For bare nanocapsules, an equivalent concentration 
similar as those containing PTX was administered. 

Fig. 4. Protein expression levels of caspase 3,8 and 9 in SKOV-3 cancer cells 
treated with PTX-loaded polymeric nanocapsules at a dose of 24.1 µg/mL (*** 
P < 0.001) . Control cells; free PTX; PTX-loaded nanocapsules. 

Fig. 5. Expression levels of MECOM, PRKCl and MYC genes in SKOV-3 cancer 
cells treated with 24.1 µg/mL of PTX-loaded nanocapsules. Means ± SD ** P <
0.01; *** P < 0.001. Control cells; PTX-loaded nanocapsules. 
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drug therapies are carboplatin and paclitaxel. However, many patients 
experience severe side effects together with tumor recurrence as 
consequence of developed chemotherapy resistance [5]. Amongst the 
different drug delivery nanocarriers for paclitaxel, nanoparticles made 
of different biodegradable polymers such as chitosan, Pluronic F127, 
albumin, and gelatin have been tested [40] confirming enhancements of 

drug activity by modifications of its pharmacokinetics and pharmaco
dynamics. On the other hand, nanoparticles can prevent fast clearance of 
the drug by the reticuloendothelial system and can be accumulated in 
the tumor areas thanks to the defenestrated leaky vasculature of tumors 
(the so-called enhanced retention and permeation effect, EPR). In 
addition, multidrug resistance modulated, for example, by p- 

Fig. 6. A) Light microscopy images (magnification 20X). ii-iv) Bare nanocapsules-treated; v-vii) Free PTX-treated, and vii-x) PTX-loaded polymeric nanocapsules 
treated-cells at ca. 3.5, 7 and 14 μg/mL of drug, respectively. B) Fluorescent microscopy images of i,v) control cells; ii,vi) free PTX; iii,vii) PTX-loaded polymeric 
nanocapsules, and iv,viii) bare nanocapsules administered to cells. For free PTX-treated cells, red arrows denote fragmented and condensed nuclei, whereas for PTX- 
loaded polymeric nanocapsules nuclei morphology was observed to change. 
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glycoproteins can also be overwhelming through nanoparticle drug 
delivery systems. In this work, particle size and distribution of PTX- 
loaded polymer nanocapsules were detected by DLS, whereas their 
morphology checked by FESEM. Our results indicated that the hydro
dynamic size of PTX-loaded nanocapsules was approximately 9 ± 1 nm. 
Interestingly, polymeric nanocapsules showed spherical shape with a 
mean size of around 24 ± 4 nm by FESEM after 4 months of storage, 
being still a suitable size to avoid renal excretion and favored accumu
lation in tumor by the EPR effect. [41,42]. In addition, the stability of 
the nanoformulation was also tested along time, and no signs of aggre
gation and precipitation were noted even after 4 months of storage. On 
the other hand, the present drug-loaded nanoformulation showed a 7- 
fold enhanced therapeutic efficiency when administered to SKOV-3 
cancer cells compared to the administration of the free drug, much 
larger than that found in previous studies: For example, Levit et al. [36] 
when encapsulated PTX into tannic acid-modified PLGA NPs found a cell 
survival of ca. 80 % and only when combined with other drug (lapatinib) 
a synergistic effect was achieved by increasing cell death at ca. 50 % 
(combination index 0.23). In relation to this, MTT assay data showed 
that IC50 for free administered PTX and PTX-loaded polymer nano
capsules were 9.5 and 24.1 μg/mL and 14.1 and 2.2 μg/mL after 24 h 
and 72 h of incubation, respectively, that is, the toxic effect became 
stronger at longer incubation times. This observation is in agreement 
with the release profile of the drug from the nanocapsules observed in 
Fig. 2F, that is, the slower but sustained release of PTX allows a later 
achievement of the optimal therapeutic concentration but which can be 
kept along time; conversely, for the free administered drug this thera
peutic threshold is rapidly reached but, then, the proper efflux mecha
nism of cells implied a fast decrease in the active drug concentration 
inside cells. Interestingly, bare polymer nanocapsules appeared safe and 
biocompatible with cells not displaying significant cytotoxicity. 

Apoptosis is a kind of programmed cell death controlled by the Bcl-2 
and proteins of caspases [43]. In particular, caspases play a central role 
in the regulation of apoptosis, and they are responsible for many bio
logical and structural changes associated with this programmed cell 
death mechanism. Until now, 14 different caspases have been identified. 
All of them in the mature state form a head-to-tail dimer with each unit 
composed of a large and small subunit containing one active site. Upon 
activation, caspases begin to cleave a set of pre-defined substrates, 
ranging from a few to several hundred targets, at rates that can vary by 
over 500-fold between targets. In this regard, specific phenotypic out
comes are likely dependent on multiple factors including (i) which 
caspases are activated, (ii) which substrates are cleaved, (iii) the cellular 
context, and (iv) the post-activation regulatory machinery in the cell. 
Caspases have been categorized depending on the sequence similarity 
biological functions into three subclasses: Group 1 or caspase-1 sub
family (caspases-1, − 4, − 5, − 11, − 12 and − 13) based on the com
monalities of having a long caspase-recruitment domain and a 
preference for a large aromatic or hydrophobic residue at the P4 posi
tion; Group III or caspase-2 subfamily (caspases-2, − 8 and − 9, − 10), 
which all contain a long pro-domain and prefer substrates with a leucine 
or valine at the P4 position; and Group II or caspase-3 subfamily (cas
pases-3, − 6,-7) that share a similar short pro-domain, and play a role as 
‘executors of apoptosis’ [43]. 

Particularly, caspase-9 is needed for mitochondrial structural alter
ations and ROS creation. After activation by caspase-9, caspase-3 pre
vents ROS production and is essential for the adequate performance of 
apoptosis. Previous studies demonstrated that caspase-8 could cut Bid 
into tBid, changing the mitochondria [43]. In the present study, a 
fluorometric assay allowed to quantify caspases-3, − 8, and − 9 proteins’ 
expressions and activities after treatment of SKOV-3 with PTX-loaded 
polymer nanocapsules. Interestingly, our results showed that caspases 
3, 8 and 9 proteins are significantly increased in PTX-loaded polymeric 
nanocapsules treated cancer cells compared to the control group (P <
0.001). However, the protein expression level of caspase 8 was higher 
than caspases-3 and − 9. The present results agree with indicated the 

activation of caspase-3, − 8, and − 9 is the main pathway to induce 
apoptosis in SKOV-3 cells [44]. Amazingly, our results agree with those 
of Ahn et al. [44], who indicated that activation of caspase-3, − 8, and 
− 9 is the main pathway to induce apoptosis in SKOV-3 cancer cells. 

High-grade serous ovarian cancer (HGSOC) involved an important 
amount of copy number aberrations (CNAs) that can lead to the 
amplification and silencing of oncogene and tumor suppressor genes, 
respectively. Gene amplifications have clinically predictive and symp
tomatic value because they have been confirmed as biomarkers to 
measure tumorigenic progression and drug resistance in cancer [45]. 
Chromosome 3q26 amplification is one of the most recurrent chromo
somal modifications in ovarian and cervical human cancers. PRKCl is the 
main vulnerability locus within human chromosome 3q26, and is 
regularly amplified in ovarian cancer [46], and it has previously been 
shown as a possible and potential oncogene in ovarian cancer [45]. In 
this regard, Ren et al. [47] showed that PTX blocks the PI3K pathway, 
associated with PRKCl gene overexpression in ovarian carcinoma cells. 
In other words, proliferation and cell cancerous migration might 
decrease by inhibiting PRKCl gene expression levels. In addition, MYC 
oncogene is located in chromosome 8q24 and ovarian cancer shows the 
uppermost incidence of MYC amplification [8]. Our findings indicated 
that both MYC and PRKCl gene expression level decreased after 
administration of the drug-loaded nanovehicle up to levels of 0.40 and 
0.45 times lower than in the case of the untreated control cell group. 
Previous studies indicated that PTX could cause arrested cells in G0-G1 
and G2-M by stabilizing microtubules, inhibiting depolymerization and 
inducing apoptosis with the p53 signaling pathway [48,49]. As we found 
that MYC gene expression levels decreased upon drug-loaded nano
capsule administration, then, a potential mechanism of action of the 
delivery vehicle could be through the production of caspases-3, − 8 and 
− 9 as main effectors and executors of the apoptotic process as here 
observed, and the down-regulation of Bcl-2 cell survival family proteins, 
which play a key role in the tumoral cell survival signaling [50–54]. The 
reduction in PRKCl gene expression might be also related to the inhi
bition of the PI3K pathway, as shown in Fig. 7. 

On the other hand, the MECOM gene, a transcription factor, is posi
tioned on the human chromosome 3q26. The rearrangements of MECOM 
frequently causes its overexpression in acute myeloid leukemia (AML) 
and epithelial cancers. The MECOM gene play different roles associated 
with leukemogenesis, such as transcriptional control, regulation of 
signaling pathways, and the induction of epigenetic alterations [55]. 
SKOV3 cancer cells were used in our study since the EVI1 gene is 
believed to be an ovarian carcinoma oncogene [56]. Interestingly, the 
expression level of MECOM increased upon administration of PTX- 
loaded polymer nanocapsules (P < 0.05). Mitani et al. showed that 
overexpression of MECOM is associated with JNK, c-jun, and anti- 
apoptosis mechanism [55,56]. EVI-1 overexpression plays an essential 
role in (MAP) kinase pathway related to the apoptosis signaling pathway 
[57,58]. In other words, EVI-1 inhibits JNK and c-jun interaction, 
therefore suppressing apoptosis induction. Amazingly, Jazaeri et al. 
reported that EVI1 protein expression patterns were similar amongst 
different ovarian cancers, fallopian tube fimbria, and benign neoplasms 
[11]. They showed that MECOM gene expression did not enhance pro
liferation in EVI1-null OVCAR8 cells. Hence, they did not verify a 
character for EVI1 in ovarian cancer cell proliferation or response to 
DNA damage. So, we highly suggest additional studies to confirm EVI1 
as an oncogene or a therapeutic goal in ovarian cancer. Another study 
reported c-jun expression associated with PRKCl gene one in the PI3K 
pathway [59]. Thus, further studies are needed to understand the exact 
mechanism. 

To additionally examine whether PTX-loaded polymeric nano
capsules stimulated apoptosis, SKOV-3 cancer cells were stained with 
Hoechst 33342. Hoechst 33,342 is a fluorescent dye that especially in
tercalates with nucleic acids in nuclei. The fragmented and shrinkage or 
condensed nuclei were observed under a fluorescent microscope and 
showed how the cells-initiated apoptosis. Our light microscopy findings 
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indicated that after 24 h of PTX-loaded polymeric nanocapsules 
administration, morphological alterations (many cells with irregularly 
shaped masses and reduced cell density) increased dramatically in 
SKOV-3 cancer cells. To summarize, our in vitro cytotoxicity findings 
suggest that the antiproliferative activity of PTX-loaded polymeric 
nanocapsules on SKOV-3 cancer cells was substantially higher than that 
of PTX alone. 

5. Conclusions 

In this study, the chemotherapeutic activity of the drug PTX was 
enhanced upon its encapsulation within small polymeric nanocapsules 
to develop a novel, less invasive, PTX nano-delivery system against 
malignant human ovarian carcinoma cells (SKOV-3). Frist, the average 
size of PTX-loaded polymer nanocapsules was approximately 18 nm and 
were colloidaly stable for long periods of time. Our in vitro cytotoxicity 
data revealed that lower concentrations of PTX-loaded polymeric 
nanocapsules lead to similar therapeutic activities than when adminis
tered the free drug. The results showed that 1 μg/mL polymer nano
capsules reduced IC50 of PTX from 14 to 2.2 μg/mL after 72 h of 
incubation, much lower that after the administration of the free drug. 
Interestingly, PTX-loaded polymer nanocapsules significantly increased 
apoptosis through caspase-dependent pathways and the cytoskeletal 
structure disruptions in the SKOV-3 cancer cells. Altogether, the present 
results highlighted the enhanced antiproliferative activity of PTX-loaded 
polymeric nanocapsules on SKOV-3 cancer cells and their potential as 

novel drug delivery vehicle to improve the therapeutic efficiency of the 
first line PTX administration in the treatment of ovarian cancer. 
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Fig. 7. The possible mechanism of apoptosis suggested for PTX loaded polymer nanocapsules. PTX involves oxidative stress by production of reactive oxygen species 
(ROS), which increases nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [46,47]. Previous studies showed that PTX causes arrest cells at G0-G1 and 
G2-M by stabilizing microtubules and inhibiting depolymerization [47,60,61]. Thus, the P53 signaling pathway activates p53 by inhibiting cyclin-dependent ki
nases1 (CDK1), and cycling interaction induce apoptosis [62]. PTX also causes DNA damage, increasing P53 level and arrest cell at G1 phase cycle meditate with p21 
[46]. Another possible mechanism for PTX could be PI3K/AKT pathway inhibition that is related to forkhead box protein O1 (FOXO1), Jun N-terminal kinase (JNK), 
c-jun witch impact on PRKCl expression level [47,63]. PTX) inactives Bcl-2 and activates Bax, Bak by phosphorylation and dephosphorylation respectively to 
stimulate apoptosis mediated by caspase 3, 9 [11,44,47]. Previous studies reported that p53 induces Bax and represses Bcl-2 transcription directly [64]. One pathway 
suggested PTX inhibit transforming growth factor-beta (TGF-β)/Smad signaling pathway, which plays a role in fibrosis and hematopoiesis [45,65]. Mitani showed 
that AML/EVI-1 inhibits apoptosis by interaction with Smad proteins in the TGF-β/Smad signaling pathway. Moreover, EVI-1 interferes in mitogen-activated protein 
(MAP) kinase cascades, including the JNK signaling pathway, preventing c-Jun/JNK interaction [55,57]. 
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