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A remarkable in vitro cytotoxic, cell cycle arresting and proapoptotic
characteristics of low-dose mixed micellar simvastatin combined
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Abstract
The objective of the present study was to screen the effect of increased simvastatin (SVS) solubility, through mixed micelles as a
model approach, on in vitro anticancer efficacy in combination with hydrophilic alendronate sodium (ADS) as a strategy to
improve therapeutic efficacy and to repositioning the existing drugs. The SVS-loaded mixed micelles (SVS-MMs) composed of
TPGS and Poloxamer-407 were prepared using the film dispersion method and characterized for SVS loading and mean particle
size. The optimized SVS-MMs were physically mixed with plain ADS (SVS + ADSMMs) and screened for in vitro cytotoxicity
using MTT assay and cell cycle arresting and apoptotic activities using FACS technique. The optimized SVS-MMs showed
maximum SVS loading (97.3 ± 2.3%) with minimum particle size (206 ± 8 nm). The SVS + ADS MM treatment significantly
(P < 0.001) inhibited the cell growth with low IC50 values against all cells (A549: 0.037 ± 0.028 μg/mL, MDAMB-231: 0.172 ±
0.031 μg/mL, PC-3: 0.022 ± 0.015 μg/mL). Further, the SVS + ADSMM treatment significantly inhibited the cell multiplication
in the S phase and resulted in high% of late apoptotic and necrotic cells at low concentration (0.05 and 0.15 μg/mL) as compared
other test samples. The above results revealed the significance of encapsulating SVS in the core of MMs (improved solubility),
and high efficacy and quick effect of SVS + ADS MM treatment against all cell lines screened.
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Introduction

Statins [3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) re-
ductase inhibitors], clinically used to reduce blood cholesterol
levels, are the second-most prescribed drugs after analgesics
and are also considered to be among the safest drugs [1]. In
cell-based experiments (in vitro and experimental animal

models), the hydrophobic statins (simvastatin, lovastatin,
and fluvastatin) have displayed inhibitory effects on many
cancers [1, 2]. Schmidmaier et al. have proved (in phase II
clinical study) the pivotal role of simvastatin (SVS) in reduc-
ing drug resistance by inhibition of HMG-CoA reductase and
antimyeloma activity in humans [3]. Besides, many re-
searchers are investigating SVS in clinic for the treatment
and management of various cancers and associated metastasis
(https://clinicaltrials.gov/).

Nitrogen-containing bisphosphonates (NBPs; alendronate
sodium (ADS)) have been proved to reduce and delay bone
complications from bone metastasis, and have been used in
over 4 million patients worldwide for the treatment of bone
metastasis from solid tumors, bone complications, and pain
from multiple myeloma. In the clinic, NBPs have been dem-
onstrated additional direct anticancer effects [4].

SVS and ADS are known to affect cholesterol metabolism
and biosynthesis by inhibiting the mevalonate pathway via po-
tentially inhibiting the critical enzymes of the mevalonate path-
way (HMG-CoA reductase and farnesyl pyrophosphate syn-
thase (FPPS) respectively), thus having the negative effects at

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13346-020-00752-1) contains supplementary
material, which is available to authorized users.

* Namdeo R. Jadhav
nrjadhav18@rediffmail.com

1 Department of Pharmaceutics, AshokraoMane College of Pharmacy,
Peth Vadgaon, Maharashtra 416112, India

2 Department of Pharmaceutics, Bharati Vidyapeeth College of
Pharmacy, Kolhapur, Maharashtra 416013, India

3 Department of Pharmaceutics, Tatyasaheb Kore College of
Pharmacy, Warananagar, Maharashtra 416113, India

https://doi.org/10.1007/s13346-020-00752-1

Published online: 27 March 2020

Drug Delivery and Translational Research (2020) 10:1122–1135

http://crossmark.crossref.org/dialog/?doi=10.1007/s13346-020-00752-1&domain=pdf
https://clinicaltrials.gov/
https://doi.org/10.1007/s13346-020-00752-1
mailto:nrjadhav18@rediffmail.com


various levels on cancer cells. The simultaneous inhibition of
these enzymes, using a combination of these two drugs, may
result in an amplified anticancer effect and allow for use of
significantly lower doses of the drugs involved. Further, be-
cause of the bone-anabolic properties of SVS [5–8] and
antiresorptive/bone-targeting characteristics of ADS [4, 9, 10],
this combination would be more effective to treat bone cancers
(multiple myeloma, osteosarcoma, etc.), bone metastasis, and
associated symptoms like bone loss and pain [11].

In earlier studies, this combination was tested for synergis-
tic anticancer effect [12], preventing periodontitis bone loss
[13], in patient with polycythemia vera [14], and anti-
osteoporotic and anti-atherogenic effects [15]. All these stud-
ies have proved the remarkable effect of the combination ther-
apy than monotherapy. However, the detailed study on the
combination anticancer effect of these two plain and
nanoparticulate drugs is not been reported and validated.
Thus, in the present study, we have attempted to screen and
validate the combination anticancer effect of these two drugs.

Polymeric micelle systems, among many nanocarrier sys-
tems, were recognized as one of the most promising strategies
to deliver poorly soluble drugs like SVS. Poorly soluble drugs
can be made soluble within the hydrophobic inner core of a
micelle and hydrophilic shell interface the biological media. As
a result, micelles can substantially improve the solubility and
bioavailability of various hydrophobic drugs [16]. Besides, the
nanosized micelles show increased drug cell uptake, decreased
drug cell efflux, increased drug circulation half-life, and a
higher delivery of encapsulated drugs to tumors via the en-
hanced permeability and retention effect. Further, the mixed
micelles (MMs) prepared from two or more chemically differ-
ent copolymers have revealed remarkable physicochemical and
biopharmaceutical characteristics as compared to single copol-
ymer micelles [17]. Thus, in the present study, the SVS-loaded
MMs using two chemically different block copolymers (D-α-
tocopherol polyethylene glycol 1000 succinate (TPGS) and
Poloxamer-407 (P-407)) were prepared to improve the SVS
aqueous solubility and to study the effect of increased SVS
micellar solubility on in vitro anticancer effect when physically
mixed with hydrophilic ADS (SVS + ADSMMs). We hypoth-
esize that the MMs containing SVS in the core and the hydro-
philic ADS in the water surrounding the micelles and water
present in the corona would improve the cellular uptake of
these two drugs through endocytosis and results in amplified
in vitro cytotoxicity.

Materials and methods

Materials

Simvastatin was gifted by Tocris Bio-Techne Mumbai, India.
Poloxamer-407 was gifted by BASF, India. Alendronate

sodium, TPGS, Annexin V-FITC, and propidium iodide (PI)
were purchased from Sigma-Aldrich, Mumbai. India.
DMEM, RPMI, FBS, PenStrep, and trypsin were procured
from Invitrogen, India. MTT (thiazolyl blue tetrazolium bro-
mide) was purchased from Himedia, India. All other reagents
used were of analytical reagent grade and were used without
further purification.

Cell culture

Human triple-negative breast adenocarcinoma (MDA MB-
231: derived from the metastatic site, pleural effusion), human
prostate adenocarcinoma (PC-3: derived from the metastatic
site, bone), and human lung adenocarcinoma (A549) cell lines
were procured from ATCC, USA. The stock cells were cul-
tured in DMEM and RPMI supplemented with 10%
inactivated fetal bovine serum (FBS), penicillin (100 IU/
mL), and streptomycin (100 μg/mL) in a humidified atmo-
sphere of 5% CO2 at 37 °C. The cells were dissociated with
cell dissociating solution (0.2% trypsin, 0.02% EDTA, and
0.05% glucose in PBS).

Determination of critical micellar concentration

The critical micellar concentration (CMC) of TPGS, P-407,
and their binary mixture (1:1 M ratio) was determined using
the iodine UV spectroscopy method [18–20]. The standard
potassium iodide (KI)/iodine (I2) solution was prepared by
dissolving I2 (1 g) and KI (2 g) in deionized water
(100 mL). The molar solutions of TPGS, P-407, and binary
mixtures were prepared in deionized water (0.05, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, and 0.8 mM). To each copolymer solution,
standard KI/I2 solution (25 μL) was added and incubated for
12 h in dark at room temperature. Then, absorbance was read
at 366 nm using a UV-Visible spectrophotometer (Double
beam Shimadzu 1900, Japan). The I2 absorption intensity
was plotted against the logarithm of copolymer concentration,
and CMC was determined from the graph. The sharp increase
in iodine intensity indicates the formation of micelles.

Preparation of SVS-loaded mixed micelles

SVS-loaded TPGS and P-407 mixed micelles (SVS-MMs)
were prepared using the film dispersion method [21]. The
MMs were prepared at varied molar ratios of TPGS and P-
407 (Table 1). Briefly, accurately weighed quantities of SVS,
TPGS, and P-407 were dissolved in beakers containing 5 mL
of methanol. The solvent was then evaporated at room tem-
perature and the resultant film at the bottom of beaker was
redispersed with 10 mL of double-distilled water using bath
sonicator (5 min). The resultant solution was then centrifuged
at 5000 rpm for 10 min and the supernatant mixed micellar
solution was recovered and used for further analysis. The
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optimized SVS-MMs (based on entrapment and particle size)
were then mixed physically with ADS at a weight equivalent
to loaded SVS (SVS + ADS MMs) and used for in vitro an-
ticancer assays.

Characterization of SVS-MMs

The 0.2 mL of the supernatant micellar solution was dissolved
up to 10 mL with methanol and absorbance was read against
respective blank mixed micelles in methanol using UV-
Visible spectrophotometer. The % entrapment efficiency
(%EE) and % loading capacity (%LC) were calculated using
the below mentioned formulae.

%EE ¼ Amount of drug recovered

Amount of drug added
� 100

%LC ¼ Amount ofdrug recovered

Amount formulation components Drugþ Excipientsð Þ � 100

The mean particle size and zeta potential of prepared SVS-
MMs were determined using Horiba particle size and zeta
potential analyzer (HORIBA SZ-100) (HORIBA Scientific
Ltd. Japan). The measurements were performed in triplicate
at 25 °C.

The micelle formation was confirmed by transmission elec-
tron microscope (TEM, FEI Tecnai T-20ST) analysis. Few
drops of micellar solutions were placed on to the copper grid,
air-dried, and then negative stained with 2% w/v phospho-
tungstic acid solution. The samples were then air-dried again
and observed under TEM to understand the self-assembling
nature and surface morphology of SVS-MMs [22].

In vitro cytotoxicity using MTT assay

Briefly, 100 μL of cell suspension was added to each well of
the 96-well microtiter plate (50,000 cells/well). After 24-h
incubation, the supernatant from each well was replaced with
100 μL of different concentrations of test drugs. The plates
were then incubated at 37 °C for 24 h in a 5% CO2 atmo-
sphere. After incubation, the test solutions in the wells were
replaced with 100 μL of MTT solution (0.05 mg) and plates
were incubated at 37 °C in a 5% CO2 atmosphere for 4 h. The

MTT solution was replaced with DMSO (100 μL) and plates
were gently shaken to solubilize the formed formazan crystals.
The absorbance was then measured using a microplate reader
at a wavelength of 590 nm. The % growth inhibition was
calculated, and the concentration of test drug needed to inhibit
50% cell growth (IC50) is generated from the dose-response
curves for each cell line [22, 23].

Cell cycle arresting behavior using FACS

1 × 106 cells were seeded and cultured for 24 h in a 6-well
plate containing 2 mL of media. Cells were then incubated
with drug solutions (2 mL) prepared in complete media for
24 h. Cells were then harvested and centrifuged at 2000 rpm
for 5 min at room temperature and the supernatant was
discarded carefully retaining the cell pellet. The cell pellet
was washed twice by resuspending in 2 mL of 1X PBS.
Cells were then fixed by resuspending in 300 μL of sheath
fluid followed by the addition of 1 mL of chilled 70% EtOH
drop by drop with continuous gentle shaking, and another
1 mL of chilled 70% EtOH was added at once. The cells were
then stored at 4 °C overnight and centrifuged at 2000 rpm for
5 min and the pellet was washed twice with cold 1X PBS
(2 mL). The cell pellet was then resuspended in 450 μL of
sheath fluid containing 0.05 mg/mL PI and 0.05 mg/mL
RNase A and incubated for 15 min in dark. The percentage
of treated and untreated cell populations in various stages of
the cell cycle was determined using FACS Caliber (BD
Biosciences, San Jose, CA). The standard colchicine
(25 μM) was used as a positive control and a minimum of
10,000 cells were acquired for each sample [23, 24].

Apoptosis study

1 × 106 cells per well were seeded into a 6-well plate. After
24 h, the floating (dead) cells were transferred into 15-mL
tubes. The cell suspension was then centrifuged, and cells
were washed twice with cold PBS and then resuspended in
1 mL of 1X that were removed by replacing old culture me-
dium with a new medium of the same volume containing drug
solutions. After 24 h of incubation, the culture medium along
with the binding buffer was at a concentration of ~ 1 × 106

Table 1 % entrapment efficiency,
% loading capacity, and mean
particle size of MMs prepared at
different molar ratios of TPGS
and P-407

MMs composition (SVS:TPGS:P-
407)

% entrapment
efficiency

% loading
capacity

Mean particle size
(nm)

1:1:1 (0.011:0.011:0.011 mM) 97.3 ± 2.3**** 3.09 ± 0.13**** 206 ± 8*

1:2:1 (0.011:0.022:0.011 mM) 86.7 ± 3.3 2.49 ± 0.24 210 ± 15

1:1:2 (0.011:0.011:0.022 mM) 70.5 ± 1.9 1.21 ± 0.09 247 ± 11

Values presented are mean ± SD, n = 3

****P < 0.0001 when compared to MMs prepared with 1:2:1 and 1:1:2 M ratios. *P < 0.05 when compared to
MMs prepared with 1:1:2 M ratio
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cells/mL. Then, 500 μL of cell suspension was aliquoted and
10 μL of PI and 5 μL Annexin V were added. The suspension
was then incubated for 15 min at room temperature in the
dark. Post incubation, the cells were analyzed by flow
cytometer as soon as possible (within 1 h). The standard doxo-
rubicin (25μM)was used as a positive control and aminimum
of 10,000 cells were acquired for each experimental setup [23,
24].

General settings of FACS analysisLinear and log settings in the
detectors and amps window were adjusted. Voltages were set
accordingly. Fluorescence channels for cell surface staining
should be log. Cell cycle fluorescence should be linear.
Hence, FSC and SSC are usually run on linear scale for cell
cycle arrest and log scale for apoptosis study. This was used to
identify single cell count. PI was detected with emission at
620 nm and Annexin V-FITC was detected at emission range
of 528 nm.

Statistical analysis

Data are presented as the mean ± standard deviation of three
independent experiments. GraphPad Prism software version 8
(GraphPad Software, Inc., La Jolla, CA, USA) was used for
statistical analysis. The obtained results were analyzed using
one-way ANOVA and P < 0.05 was considered to indicate a
statistically significant difference.

Results and discussion

Poloxamer-407 (P-407), a US FDA-approved amphiphilic
block copolymer of poly(ethylene oxide) (PEO) and poly(-
propylene oxide) (PPO), is most attractive due to its bio-
compatibility and low toxicity. The PPO forms the hydro-
phobic core and solubilize the hydrophobic drug in aque-
ous media, while the hydrophilic PEO corona maintains
the dispersion stability of micelles [25, 26]. TPGS, an
amphiphilic block copolymer derived from vitamin E (α-
tocopherol) and polyethylene glycol 1000, has been widely
used in the pharmaceutical field as a solubilizer, absorp-
tion enhancer, and a vehicle for lipid-based drug delivery
formulations. Besides, the succinate esters of vitamin E are
potent proapoptotic agents selective for cancer cells. In
addition to all the above properties, both P-407 and
TPGS have a widely proven activity as efflux pump in-
hibitors (P-glycoprotein (P-gp)); thus, they inhibit P-gp-
mediated multidrug resistance [26–28]. Taking the advan-
tages of P-407, TPGS, and their MMs (which show supe-
rior physicochemical and biopharmaceutical properties over
single copolymer micelles), the present study was aimed
to prepare MMs using chemically different block copoly-
mers (P-407 and TPGS).

Determination of CMC

In the iodine UV spectroscopy method, the micelle formation
was determined by using I2 as a hydrophobic probe.
Solubilized I2 prefers to participate in the hydrophobic micro-
environment of amphiphilic copolymers, causing the conver-
sion of I3

− to I2 from the excess KI in the solution, to maintain
the saturated aqueous concentration of I2 [29]. To determine
CMC, the absorbance intensity of I2 has been plotted as a
function of copolymer concentration and a sharp increase in
I2 intensity against copolymer concentration confirms the mi-
celle formation (Fig. 1a–c). The lower CMC value was ob-
served for TPGS (0.11 ± 0.021 mM) (Fig. 1b) as compared P-
407 (0.32 ± 0.034 mM) (Fig. 1a). The CMC value of TPGS
and P-407 binary mixture is found to be intermediate between
the CMC of individual copolymers (0.23 ± 0.012 mM) (Fig.
1c) and this suggests favorable hydrophobic interactions be-
tween both copolymers and therefore true co-micellization.
The reduced CMC value would improve the stability of
MMs and provide great resistance to dissociation even upon
dilution by the much larger volume of blood. Further, these
results are within the range of values reported in the previous
works [18, 30, 31].

SVS-MMs prepared at 1:1:1 M ratio showed high drug
loading and minimum particle size

In the current study, the SVS-MMs are prepared using the film
dispersion method. The effects of different molar ratios of
TPGS and P-407 on %EE, %LC, and mean particle size are
characterized and presented in Table 1. The SVS entrapment
was determined using a UV-Visible spectrometer against cor-
responding blank MMs to avoid interference caused by the
copolymers (TPGS and P-407) present along with the SVS
[19]. Among different molar ratios, the MMs prepared with
1:1:1 mM showed almost complete entrapment of SVS in the
lipophilic core (97.3 ± 2.3%) as compared to other ratios
which showed significantly less %EE and %LC (Table 1).

Further, the SVS-MMs prepared at 1:1:1 M ratios showed
consistent (n = 3), significantly small and single particle size
peak (206 ± 8 nm, PDI: 0.182 ± 0.081) (Fig. 2a) as compared
to other molar ratios which showed multiple particle size
peaks which may be corresponding to individual copolymers
and larger aggregates. Further, the small particle size observed
with 1:1:1 M ratio is in accordance with the previous report
[18]. Besides, the 1:1:1 mM MMs showed average zeta po-
tential of − 17.3 ± 1.8 mV (Fig. 2b) and is found decreased to
− 1.7 ± 0.6 mV when the P-407 ratio is increased (1:1:2 mM)
and is restored (− 15.7 ± 3.7 mV) when the TPGS ratio is

�Fig. 1 a–c The absorbance intensity of I2 has been plotted as a function of
copolymer concentration and a sharp increase in I2 intensity against
copolymer concentration confirms the micelle formation
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Fig. 2 a The SVS-MMs prepared
at 1:1:1 M ratios showed consis-
tent (n = 3), significantly small
and single particle size peak. b
The 1:1:1 mM MMs showed av-
erage zeta potential of − 17.3 ±
1.8 mV. c The TEM image of op-
timized SVS-MMs confirmed the
moderately aggregated and
spherical-shaped micellar system
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increased (1:2:1 mM). These observations indicate the nega-
tive zeta potential is TPGS dependent and the increase in P-
407 (the high molecular weight and linear copolymer) con-
centration may shield the zeta potential of low molecular
weight TPGS. Based on the above obtained results, the 1:1:1
(SVS:SVS:TPGS:P-407) ratio is considered as the best com-
position, among other ratios tested, to prepare SVS-MMswith
maximum %EE, %LC, and minimum particle size.

The objective of the TEM analysis was to confirm the
micelle (aggregates) formation from the TPGS and P-407 in
the aqueous medium. The TEM image of optimized SVS-
MMs confirmed the moderately aggregated and spherical-
shaped micellar system (Fig. 2c). It also showed the size of
micelles is almost uniform (excluding larger aggregates). In
the current study, the optimized SVS-MMs were physically
mixed with ADS (SVS + ADS MMs) and used for further
in vitro anticancer activity screening. Using TEM, it is very
difficult to confirm the position of drug/s in the micelles (core
and corona). However, in the physical mixture, the hydrophil-
ic ADS would present (in the molecular state) in the water
surrounding the micelles and the water present in the hydro-
philic corona.

SVS + ADS MMs displayed significantly high
cytotoxicity and lowest IC50 values against all cell
lines tested

Bone is the third most frequent site of metastasis, behind lung
and liver. Prostate and breast cancers are responsible for the
majority of the skeletal metastases (up to 70%). The relative
incidence of bone metastasis in patients with breast cancer is
65–75%, in prostate cancer is 60%, and in lung cancer is 40%
[32]. Therefore, in the current study, the anticancer efficacy of
SVS + ADS combination (as this combination may show the
added advantages of increased anticancer, bone targeting, and
bone anabolic characteristics) is screened and validated
against human cancer cells (A549, MDA-MB-231, and PC-
3) which most likely spread to the bone.

The effect of SVS, ADS, SVS + ADS (1:1 ratio in DMSO),
and SVS + ADS MMs (1:1 ratio) on % cell growth is shown in
Fig. 3. The SVS and ADS ratios taken in DMSO and in SVS +
ADS MMs are same (1:1 ratio) for comparison. Based on the
amount of SVS encapsulated (dissolved) per milliliter of mi-
celles, the ADS was accurately weighed and mixed with the
MMs to obtain the uniform concentration of both SVS andADS.

All tested formulations caused concentration-dependent
cell growth inhibition against all cell lines tested. The A549
cells are found significantly more sensitive (at a lower con-
centration) to SVS treatment than ADS treatment (Fig. 3a) as
compared to other two cells tested (Fig. 3b, c). The SVS +
ADS (DMSO) is found significantly more cytotoxic at lower
concentration, than at higher concentration, as compared to
individual treatments against all cell lines tested. The SVS +

ADS MM treatment significantly inhibited the growth of all
cells (at all concentrations tested) as compared to all other
treatments.

In the present study, the direct comparison between SVS-
DMSO and SVS-MMs was not carried out to prove the effect
of increased solubility via MM approach. However, the cyto-
toxicity of ADS-DMSO, ADS + SVS-DMSO, and ADS +
SVS-MMs (SVS + ADS MMs) were compared. The in-
creased ADS cytotoxicity when mixed with SVS-MMs than
the ADS mixed with SVS in DMSO clearly indicates the
utility of this formulation (SVS-MMs) and the effect of micel-
lar solubilization of SVS.

a

b

c

Fig. 3 a–c The effect of SVS, ADS, SVS + ADS (1:1 ratio in DMSO),
and SVS + ADS MMs (1:1 ratio) on % cell growth
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The IC50 values of all formulations against tested cell lines
are presented in Table 2. The IC50 values obtained for SVS,
ADS, and SVS + ADS in DMSO are found almost similar
against all cell lines indicating similar efficacy. Although SVS
+ ADS combination in DMSO caused moderately increased
cell growth inhibition, its IC50 values are found almost similar
to individual drug substances against all cell lines, whereas the
mixed micellar SVS combined with ADS (SVS + ADSMMs)
showed significantly decreased IC50 values against all cell
lines as compared to all other formulations. These results re-
veal the significance of encapsulating (solubilizing) SVS in
the core of MMs.

The drug-free DMSO vehicle controls, prepared in a sim-
ilar way to test samples, showed no significant cell death at all
DMSO concentrations equivalent to DMSO present drug so-
lutions. However, at 0.1% v/v DMSO concentration (equiva-
lent to DMSO present in 10 μg/mL SVS solution), the cell
growth inhibition observed is in the range of 2–5% against all
cell lines tested and is found to be negligible.

The cytotoxicity of empty MMs is found to be negligible
(about 1–2%) at concentrations equivalent to drug-loaded mi-
celles (ranging from 0.0001 to 1 μg/mL). However, about 11–
15% cytotoxicity was noticed (against all cell lines) at empty
micelle concentration equivalent to 10 μg/mL of drug-loaded
micelles which indicates increased cytotoxicity of empty mi-
celles at higher concentrations. Further, these results are in
accordance with the previous reports [19, 20].

A remarkable S phase arresting is noticed with SVS +
ADS MMs at low concentration (0.05 and 0.15 μg/mL)

The effects of SVS, ADS, SVS + ADS (1:1 ratio in DMSO),
and SVS + ADS MMs (1:1 ratio) on cell cycle arresting and
apoptosis are tested at their obtained IC50 values. The tested
concentrations of SVS and ADS in SVS + ADS MMs for cell
cycle analysis and apoptosis are less, but are present in 1:1
ratio, than the tested concentrations of SVS and ADS in
DMSO (at 1:1 ratio). At a higher SVS + ADS MM concen-
tration, equivalent to concentrations in DMSO, we observed
no sufficient number of cells remained for comparison as a

result of their higher cytotoxicity. Thus, the SVS + ADSMMs
were tested at lower concentrations (at their IC50 values) for
comparison.

The effects of positive control (colchicine, 25 μM) on the
proliferation stages of A549, MDA-MB-231, and PC-3 cells
are presented in the Supplementary Table 1. The effects of
SVS, ADS, SVS + ADS (DMSO), and SVS + ADS MM
treatments on proliferation phases of A549, MDA-MB-231,
and PC-3 cells are presented in Fig. 4a–c. The SVS treatment
resulted in about 2% and 3% more A549 cells gated in S and
G2M phase respectively as compared to control cells. The
ADS treatment resulted in about 7% more cells gated in S
phase as compared to control cells (Fig. 4a). Further, the
SVS + ADS (DMSO) treatment caused no cell arrest in both
S and G2M phases; instead, it caused about 8% increased cell
arrest in the G0/G1 phase as compared to control cells. In
contrast to this effect, the SVS + ADS MM treatment caused
significantly increased A549 cell arrest in S phase (about 25%
cells) as compared to control cells. The SVS + ADS MM
treatment caused about 2.46-, 3.2-, 2.0-, and 7.76-fold in-
creased effect as compared to control cells, SVS, ADS, and
SVS + ADS (DMSO) treated cells respectively.

In the current study, the formulations are also screened for
their effect against MDA-MB-231 cells (Fig. 4b). The ADS
treatment caused significant cell arresting in S phase (10%)
and G2 phase (7%) as compared to control cells. Although the
SVS treatment caused no effect on MDAMB-231 cell prolif-
eration phases, its presence significantly potentiated the ADS
effect in arresting more cells at S phase (SVS + ADS in
DMSO treatment). About 7% more cells are found gated in
S phase with SVS + ADS (DMSO) treatment as compared to
ADS alone, whereas the SVS + ADS MMs showed signifi-
cantly higher cell arresting characteristics as compared to all
other formulations. It caused about 21% more cells gated in S
phase as compared to SVS + ADS (DMSO) treatment.

In PC-3 cells (Fig. 4c), the SVS caused no significant effect
and ADS caused about 3%more cell arrest in S phase. Further,
the SVS + ADS (DMSO) treatment caused about 5% and 3%
more cell arrest in the S phase and G2M phase as compared to
control cells. The SVS presence does not potentiate the ADS

Table 2 IC50 values obtained
after 24-h treatment with test
substances

Formulations IC50 values (μg/mL)

A549 MDAMB-231 PC-3

SVS 1.205 ± 0.059 1.425 ± 0.109 1.32 ± 0.108

ADS 1.295 ± 0.134 1.353 ± 0.06 1.42 ± 0.393

SVS + ADS (DMSO) 1.536 ± 0.456 1.489 ± 0.346 1.47 ± 0.31

SVS + ADS MMs 0.037 ± 0.028***θ 0.172 ± 0.031***θ 0.022 ± 0.015***θ

Values presented are mean ± SD, n = 3

****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05
θP: significant when compared to all other formulations
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effect as does with the MDA-MB-231 cells. However, the
SVS + ADS MM treatment showed a significant effect on

PC-3 cells as compared to all other formulations (about 9%

Fig. 4 a–c The effects of SVS,
ADS, SVS + ADS (DMSO), and
SVS + ADS MM treatments on
proliferation phases of A549,
MDA-MB-231, and PC-3 cells
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more cells are found gated in S phase as compared to SVS +
ADS in DMSO treatment).

In conclusion, theMMs caused significant cell cycle arresting
against all cell lines. The MDAMB-231 cells are found more
sensitive to MM treatment as compared to A549 and PC-3 cells.
Similarly, SVS + ADS (DMSO) treatment is also found more
effective against MDAMB-231 as compared to the other two
cells.

SVS + ADS MM treatment at low concentration
resulted in significantly high % of late apoptotic
and necrotic cells

Apoptotic activity is always routed with translocation of
phosphatidylserine (PS) from the cytosol to the cell mem-
brane. PS specifically binds to FITC-tagged Annexin V
and can be quantitatively estimated by FACS as a very
specific apoptotic marker [33]. In the present study, the
apoptotic activity of test substances was determined using
Annexin V-FITC and propidium iodide (PI) staining
method.

In Fig. 5, the lower left (LL) square shows normal live
cells, lower right (LR) shows early apoptotic cells, upper right
(UR) shows late apoptotic cells, and upper left (UL) shows

necrotic cells. The effects of the positive control (doxorubicin,
25 μM) on A549, MDA-MB-231, and PC-3 cell apoptosis are
presented in the Fig. 5 and Supplementary Table 2. The SVS
treatment resulted in significantly more A549 cells (about 8%)
in the late apoptotic phase as compared to control cells, where-
as the ADS treatment resulted in about 12% necrotic cells
(Fig. 6a). The combination effect (SVS + ADS in DMSO) is
found very significant as compared to all other formulations.
The SVS + ADS (DMSO) treatment caused about 2.6-fold
and 10.5-fold increased A549 cells in the late apoptotic phase
as compared to SVS and ADS treatments respectively, where-
as the SVS + ADS MM treatment resulted in about 3.25-fold
increased necrotic cells as compared to SVS + ADS (DMSO)
treatment which showed about 2-fold increased cells at the
late apoptotic phase as compared to SVS + ADS MMs.

In the case of MDA-MB-231 cells (Fig. 6b), the SVS,
ADS, and SVS + ADS (DMSO) treatments are found more
effective (resulted in high % of both late apoptotic and necrot-
ic cells) as compared to A549 cells. The SVS and ADS com-
bination in DMSO showed significantly more effect when
compared to their individual effects, whereas the SVS +
ADS MM treatment showed moderately increased % of cells
(almost equal) in both late apoptotic and necrotic phases as
compared to SVS + ADS (DMSO).

Fig. 5 The lower left (LL) square shows normal live cells, lower right (LR) shows early apoptotic cells, upper right (UR) shows late apoptotic cells, and
upper left (UL) shows necrotic cells
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Fig. 6 a The SVS treatment
resulted in significantly more
A549 cells (about 8%) in the late
apoptotic phase as compared to
control cells, whereas the ADS
treatment resulted in about 12%
necrotic cells. b In the case of
MDA-MB-231 cells, the SVS,
ADS, and SVS + ADS (DMSO)
treatments are found more effec-
tive (resulted in high % of both
late apoptotic and necrotic cells)
as compared to A549 cells. c In
PC-3 cells, all formulations
showed a significant effect as
compared to control cells
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In PC-3 cells (Fig. 6c), all formulations showed a
significant effect as compared to control cells. The
SVS treatment is found more effective than ADS and
their combination effect in DMSO is found to be sig-
nificantly high when compared to their individual ef-
fects. The % late apoptotic cells caused by SVS +
ADS MMs are found almost similar to SVS + ADS
(DMSO) treatment, whereas the % necrotic cells ob-
served with SVS + ADS MM treatment are significantly
high (about 1.84-fold) when compared to SVS + ADS
(DMSO) treatment. These results may be correlated with
quick and high effect of MMs resulting in increased
necrotic cells rather late apoptotic cells. Further, these
results are supported by high cytotoxic nature of MMs
as shown in MTT assay.

As per the previous reports, it has been revealed that
SVS stimulates cell cycle arrest and apoptosis in several
cancer cell types [34] via the intracellular signaling mech-
anisms of RAC1 and associated downstream pathway [35,
36]. Further, the castrate-resistant prostate cancer cell (PC-
3) apoptosis caused by SVS is due to inhibition of IκBα
phosphorylation and nuclear translocation of p50/p65 di-
mer in the nuclear factor-κB pathway [37]. In other re-
ports, the SVS and irinotecan combination treatment dem-
onstrated a remarkable increase in PC-3 cell apoptosis via
downregulation of MCL-1 levels [38] whereas SVS and
sulindac combination synergistically increased the apopto-
tic activity and intracellular ROS production in A549 cells
through AKT signaling-dependent downregulation of
survivin [39]. In addition, the SVS in combination with
bergamottin has potentiated the TNF-induced apoptosis
through modulation of the NF-κB signaling pathway in
human chronic myelogenous leukemia [40].

The all above reports reveal that the cell cycle arresting and
apoptotic activity of SVS alone and in combination with other
drugs are due to inhibition of different cell signaling path-
ways. Thus, in the present study, the observed cell cycle ar-
resting and apoptotic effects of SVS alone and in combination
with the standard proapoptotic drug, ADS, are corroborating
with the above reports and are maybe due to one or all of the
above reasons. Besides, the enhanced cytotoxicity could be
correlated with their direct cytotoxic nature.

In the current study, a remarkable in vitro cytotoxicity, cell
cycle arresting, and cell apoptosis were noticed with the very
low dose of SVS-MMs combined with standard anticancer
and proapoptotic drug ADS. The possible mechanisms under-
lying for the enhanced anticancer efficacy of low-dose SVS +
ADS-MMs are increased intracellular drug accumulation as a
result of increased SVS micellar solubility and cell uptake via
endocytosis [18], decreased lipophilic drug (SVS) efflux, in-
dependent anticancer effects of both SVS and ADS [41], and
potent proapoptotic and multidrug resistance (MDR) revers-
ing activities of TPGS [42].

Conclusion

In the present study (preliminary examination), we have used
the micelles as a model approach to improve the SVS solubil-
ity (one of the reasons reported for the poor therapeutic per-
formance of SVS in the clinic) and check the effect of in-
creased solubility on anticancer activity in combination with
ADS which is highly water-soluble. The current study re-
vealed the superior in vitro anticancer efficacy of SVS +
ADS MMs at a very low dose over a higher concentration of
individual drugs and their combination (1:1 ratio). Thus, using
SVS + ADS MM approach, few of the chemotherapy hurdles
such as the dose-dependent toxicity and the cost of chemo-
therapy could be minimized by the use of significantly lower
doses of the drugs and reduced dosing frequency. However,
further in vivo studies are needed with this approach to ascer-
tain these facts. Besides, the nanoparticles co-loaded with both
lipophilic (SVS) and hydrophilic (ADS) drugs (for instance,
the liposomal system containing ADS in the inner aqueous
phase and SVS in the lipophilic membrane or other suitable
approach to co-load them in a single nanoparticle) could fur-
ther increase the anticancer efficacy of this drug combination
as a result of simultaneous cellular uptake of both hydrophilic
and lipophilic drugs. Further, the active targeting of these
nanoparticles via surface modification with ligands in a suit-
able animal model would be an interesting and effective ap-
proach for future study.
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