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Self-assembled and pH-responsive polymeric
nanomicelles impart effective delivery of paclitaxel
to cancer cellsT}
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Chemotherapy is an essential component of breast cancer therapy, but it is associated with serious side
effects. Herein, a pluronic F68-based pH-responsive, and self-assembled nanomicelle system was
designed to improve the delivery of paclitaxel (PTX) to breast cancer cells. Two pH-responsive pluronic
F68-PTX conjugates ie. succinoyl-linked conjugate (F68-SA-PTX) and cis-aconityl-linked conjugate
(F68-CAA-PTX) were designed to respond the varying pH-environment in tumour tissue. Although both
the linkers showed pH-sensitivity, the F68-CAA-PTX exhibited superior pH-sensitivity over the F68-SA-
PTX and achieved a more selective release of PTX from the self-assembled nanomicelles. The prepared
nanomicelles were characterized by dynamic light scattering, transmittance electron microscopy,
differential scanning calorimetry and powder X-ray diffraction techniques. The anticancer activity of
prepared nanomicelles and pure PTX were evaluated by 2D cytotoxicity assay against breast cancer cell
line MDA-MB-231 and in the real tumour environments i.e. 3D tumor spheroids of MDA-MB-231 cells.
The highest cytotoxicity effect of PTX was observed with F68-CAA-PTX nanomicelles followed by F68-
SA-PTX and free PTX. Further, the F68-CAA-PTX nanomicelles also induced significant apoptosis with
a combination of increase in ROS generation, decrease in the depolarisation of MMP and G2/M cell cycle
arrest. These observed results provide a new insight for breast cancer treatment using pluronic

rsc.li/rsc-advances nanomicelles.

1. Introduction

Pluronics are water-soluble and nonionic amphiphilic block-
copolymers composed of hydrophilic polyethylene oxide (PEO)
and hydrophobic polypropylene oxide (PPO) units. Depending
on the number of PPO and PEO units, and molecular weight,
a wide range of pluronics are available in the market." The
presence of PEO and PPO units provide an interesting structural
behaviour of spontaneous formation of the self-assembled
nanostructures in the water above its critical micelles concen-
tration (CMC). In pharmaceutical research, pluronics are widely
used for their broad range of applications like as a nanoparticle
synthesizing agent, surfactant for suspensions, emulsifier,
solubility enhancer for poor water-soluble drugs etc. In the past
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few years, several advanced pharmaceutical formulations have
been designed using pluronics. Self-assembled pluronic nano-
micelles (SPNMs) are regarded as the most advanced and
promising method for developing a dynamic drug delivery
system for hydrophobic drugs.>* The conventional drug-loaded
SPNMs also have the issues of high CMC value, burst drug
release, instability in the body fluids and inefficient drug-
loading capabilities.*® This uncontrolled drug release results
in severe side effects, reduced amount of drug at site of action
and increase in tumor resistance.®® Therefore, the sustained
and site-specific drug release at the solid tumor from the plur-
onic micelles is a key point of such delivery system.

The pH-sensitive prodrug delivery systems equipped with an
acid triggered bond have been widely used for designing
selective and smart carriers.” The pH-sensitive drug delivery
systems are based on polymer, inorganic and hybrid mate-
rials.’ These systems are mainly synthesized by covalent bond
formation between drug and biomaterial."** Such type of
systems can prevent the premature drug release under the
physiological conditions and release the drug in solid tumor
microenvironment.™

In this study, we have designed pluronic-drug conjugate
based nanomicelles for the delivery of an anticancer drug
paclitaxel (PTX). Herein, we conjugated pluronic F68 to PTX
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through pH-sensitive linker (succinoyl and cis-aconityl) with two
major objectives. First, to control the release (pH-dependent) of
PTX from the nanomicelles. The development of a pH-triggered
delivery system is particularly relevant to the anticancer nano-
medicines because tumor-tissues have slightly acidic environ-
ment in comparison to normal/healthy tissues.”®™” The pH-
sensitive release of drug provides the advantage of a higher
release of drug in the tumor tissue while less release of the drug
in the blood and healthy tissues, thus causes less toxicity or side
effects.’®'® Secondly, to improve the delivery and efficacy of
conjugated PTX against human cancer cells. PTX is a highly
effective antineoplastic and anticancer molecule, obtained as
‘plant alkaloid’.**** Clinically, the PTX is used to treat various
cancers by the stopping the cancer cell growth in mammary,*>*
cervical,” ovarian,”® lungs,” bladders,”** prostate,> mela-
noma,* gastric,® glioma® and esophageal cancer cells. The
physical encapsulation of PTX into nanomicelles does not
provide the control over drug release and a high drug loading
capacity.*” Therefore, being a hydrophobic molecule, PTX was
conjugated to pluronic F68 which is a hydrophilic, biocompat-
ible, and biodegradable surfactant. Moreover, pluronic F68 is
a p-glycoprotein inhibitor and therefore, decreases the efflux of
the drug delivered into the cancer cells. Although PTX is highly
effective against a wide-range of cancer cells, low water solu-
bility and lack of specificity remain as two major challenges in
its clinical applications.*

2. Materials and methods
2.1 Materials

Pluronic F68 (F68) was received as a gift sample from BASF (New
Jersey, USA). Paclitaxel (PTX), 4-dimethylaminopyridine (DMAP),
cis-aconitic anhydride (CAA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), hydroxybenzotriazole (HOBt), Fetal Bovine
Serum (FBS), glutamine, penicillin, DNAse-free RNAse A and
streptomycin were purchased from Sigma Aldrich (St. Louis, MO,
USA). Succinic anhydride (SA), triethylamine, diethyl ether and
dichloromethane were purchased from Rankem (Mumbai, India).

2.2 Synthesis of pluronic F68 and paclitaxel (F68-PTX)
conjugate

Succinoyl pluronic F68 (F68-SA) and cis-aconityl pluronic F68
(F68-CAA) were synthesized according to our previously re-
ported method.** For the synthesis of F68-PTX conjugate, suc-
cinoyl pluronic F68 (1.0 eq.) or cis-aconityl pluronic F68 (1.0
eq.), EDC (1.0 eq.) and HOBt (1.0 eq.) were dissolved in anhy-
drous dichloromethane (DCM). The reaction was maintained at
room temperature (RT) for 12 h under N, environment. After the
activation of the carboxylic group, PTX (1.0 eq.) and DMAP were
added dropwise to the above solution. The reaction was main-
tained at RT for 24 h under N, environment. After completion of
the reaction, the mixture was transferred to a separating funnel
and added an equal amount of brine solution (0.9% NaCl) to
remove unconjugated PTX and DMAP. The DCM layer was
separated and dried using anhydrous Na,SO,. Further, the DCM
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was evaporated by the rotary evaporation, vacuum dried the
product and used for further studies.**

2.3 Characterizations of F68-PTX conjugate

2.3.1 Proton NMR spectroscopy. Functionalized F68 and
PTX conjugates were dissolved in CDCl; and were scanned
using a Bruker 500 MHz Ultra shield plus NMR instrument.

2.3.2 Fourier transform infrared spectroscopy. The FTIR
analysis of the functionalized F68 and PTX conjugates was done
using PerkinElmer Spectrum 65 series instrument. The KBr
pellets containing different samples were scanned for percent

transmittance in the wavenumber ranging from 4000 to 400 cm™ .

2.4 Critical micelle concentration of F68-PTX conjugate

The critical micelle concentration (CMC) of F68-PTX conjugates
was determined using pyrene fluorescence method.***® The
aqueous solutions of different concentrations of F68-PTX
conjugates (50 to 600 ug mL™ ") were equilibrated with a fixed
pyrene concentration 6 x 10~7 M and maintained at RT for 3 h.
The fluorescence intensities were measured at 383 and 373 nm
after excitation at 339 nm. The wavelength intensities ratio I3g;/
I3;3 was plotted against log concentrations of F68-PTX (ug
mL ") to determine the CMC.

2.5 Preparation of paclitaxel prodrug nanomicelles

NMs were prepared by the solvent evaporation method.”
Briefly, F68-PTX conjugates (10 mg mL™ ') were dissolved in
acetone (organic phase). The organic phase was dropwise
poured into 5 mL of Milli-Q water under continuously stirring.
The mixture was maintained at RT and stirred at 1000 rpm for
3 h to evaporate organic phase. After that, the prepared
formulations termed as a NM-1 (F68-SA-PTX conjugate nano-
micelles) and NM-2 (F68-CAA-PTX conjugate nanomicelles).

2.6 Drug content measurement

The amount of PTX in NM-1 and NM-2 was measured by HPLC
method as reported previously.” The percentage drug loading (%
DL) in F68-PTX conjugates was calculated by the following
formula:

Wi
= {ﬁ} x 100

F68-PTX
Wprx: weight of PTX in NM-1 or NM-2 and Wgeg prx: total weight
of F68-PTX conjugate.

2.7 Characterization of nanomicelles

2.7.1 Particle size and zeta potential analysis. Particle size
(nm), polydispersity index (PDI) and zeta potential (mV) of self-
assembled NM-1 and NM-2 were measured using a Zetasizer
Nano ZS 90 (Malvern Instruments, UK).

2.7.2 Transmittance electron microscopic analysis. The
morphology of the prepared NM-1 and NM-2 was observed by
a transmittance electron microscope (TEM). For this, a drop of
nanomicelles was placed on the carbon-coated copper grid and
vacuum dried the samples before TEM analysis.
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2.7.3 X-ray diffraction (XRD) analysis. For the powder X-ray
diffraction patterns of the pure PTX, NM-1 and NM-2 were ob-
tained at diffraction angle (26) from 5° to 60° by X-ray diffrac-
tometer instrument (D8 Advance, Bruker, Germany) with a Cu-
Ko X-ray radiation source.

2.7.4 Differential scanning calorimetry (DSC) analysis.
Pure PTX, NM-1 and NM-2 were analyzed on DSC-4000 (Perki-
nElmer) instrument at temperature ranging from 30 to 350 °C
with 10 °C min~" speed and under N, environment.

2.8 Invitro PTX release study

In vitro drug release study was performed in three different
media as reported previously.** Briefly, prepared NM-1 or NM-2
was transferred into a dialysis bag (MWCO 1000 Da) and then
the sample containing dialysis bag was placed in 100 mL of
release media (PBS pH-7.4, pH-6.5 and SAB pH-5.0). At pre-
determined time intervals, 2 mL of media was withdrawn and
analyzed for drug content using HPLC analysis as reported
previously.”

2.9 Stability study of nanomicelles

To investigate the pH-triggered stability of NM-1 and NM-2,
samples were placed in different pH conditions: sodium
acetate buffer (SAB, pH 5.0), phosphate buffer saline (PBS, pH
7.4), and water (pH 7.0). The change in particle size of the
samples were measured by the DLS method.

2.10 In vitro hemolysis assay

The in vitro hemolysis assay of the NM-1 and NM-2 was evalu-
ated according to previously reported study with some modifi-
cation.*®* Briefly, fresh human blood was collected in
vacutainer containing anticoagulating agent and centrifuge at
4000 rpm for 10 min to separate plasma and haematocrit (RBC).
The RBCs were collected and washed thricely with normal
saline. The washed RBCs were resuspended in normal saline to
make 2% RBC suspension. The prepared NM-1 and NM-2 were
incubated with 2% RBC suspensions with varying concentra-
tions 5, 10, 20, 40 and 80 pg mL™" for 1 h at 37 °C in dark. For
the control experiment, MilliQ water and PBS were taken as
a positive control (100% hemolysis) and negative control (0%
hemolysis) respectively. After 1 h, samples were centrifuged at
4000 rpm for 10 min, supernatant was collected, and absor-
bance (4) was measured at 540 nm using a Microplate Reader
(Synergy H1 Hybrid Reader, Biotek). The % hemolysis of NM-1
and NM-2 was calculated as follows:

% Hemolysis _ Asample - Anegative control % 100

Apositive control — Anegative control

2.11 Cell culture

MDA-MB-231, epithelial human breast cancer cells were
purchased from American Type Culture Collection (ATCC,
Manassas, VA) and was maintained in Roswell Park Memorial
Institute RPMI 1640 medium (Invitrogen, NY). The medium was
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supplemented with 10% Fetal Bovine Serum (FBS), glutamine (2
nmol L), penicillin (100 ng mL~") and streptomycin (100 ng
mL ") at a constant temperature of 37 °C and 5% CO,. The cells
were constantly maintained at 70% confluency and the medium
was replaced on alternative days. Once confluent, the cells were
passaged and seeded in new plates every 2-3 days. The cells
were trypsinized using 0.05% trypsin-EDTA and cells prolifer-
ating between 3-10 passages were used for experiments. Myco-
plasma test was also carried out at regular intervals to ensure no
cross-contamination occurs during and prior to experiments.
The cell morphology and the health were monitored at regular
intervals under the microscope.

2.12 2D cell viability assay

The cytotoxic effect of the pure PTX, NM-1 and NM-2 were
analyzed using the MTT assay. The assay was performed both
on treated and untreated MDA-MB-231 cells. About 4 x 10* cells
per mL were seeded in 96 well flat-bottom plates and left to
adhere for 24 h before the addition of the PTX formulations.
The cells were left with the formulations for 72 h followed by the
addition of 5 mg mL™" of MTT reagent per well. The MTT
solution was further incubated for 4 h at 37 °C before solubi-
lizing the formazan crystals formed in DMSO. Formazan crys-
tals are formed exclusively in live cells which form a purple-
colored solution directly proportional to the number of live
cells. The absorbance of the obtained solution was measured at
570 nm using a Microplate Reader (Spectramax Paradigm). The
ICs, values were calculated using the Probit software.

2.13 3D spheroid assay

MDA-MB-231 cells were seeded in Corning® Costar®Ultra-Low
attachment 96 well plate at a seeding density of 5 x 10* cells
per mL and left to form a spheroid for 72 h. Once the cells
formed the spheroid structures in the well plates, the formu-
lations (pure PTX, NM-1 and NM-2) were added at ICs,
concentrations and were left undisturbed for another 72 h
before assessing the cell viability. The cell viability was deter-
mined by the addition of calcein-AM and propidium iodide (PI)
to stain the live and dead cells respectively. Images were ob-
tained both in green (calcein-AM) and red (PI) channels to
ensure a merged image containing the live and dead cells was
recorded. Images were taken using the ZOE™ Fluorescent Cell
Imager (Bio-Rad Laboratories Inc., Hercules, CA, USA). In
addition to the qualitative measurements obtained above,
quantitative measurements were also carried out by the Cell-
Titer-Glo® assay to obtain the luminescent readings of live cells.
The number of live cells in a well is directly proportional to the
ATP activity displayed by the live cells and hence luminescent
readings were obtained with the help of CellTiter-Glo® reagent.
The cells were seeded in Corning 96-well black, spheroid
microplates and left to form spheroids for 3 days. The formu-
lations were added and further incubated for 72 h similar to the
2D live/dead assay. 100 pL of CellTiter-Glo® reagent was added
to each well containing 100 pL of PTX formulations in complete
medium. The plates were shaken for 2 min on a shaker to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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induce cell lysis and further allowed to incubate for 10 min at
RT before recording the luminescence of the samples.

2.14 Cell cycle analysis

MDA-MB-231 cells (8 x 10* cells per well) were seeded in 12 well
plates and left undisturbed for 12 h for cell adhesion to the well
plates. The cells were washed with 150 mM PBS and the PTX
formulations (Pure PTX, NM-1 and NM-2) at ICs, concentration
were added to each well. The cells treated with DMSO served as
the controls. The cells including the floating cells present in the
supernatant were collected 48 h posttreatment and were
washed with sterile PBS. The final pellet of cells obtained was
resuspended in 1 mL of PBS with the subsequent addition of
9 mL of 70% ethanol while vortexing at high speed. The ob-
tained cell suspension was stored at 4 °C for 30 min before the
removal of ethanol by centrifugation. The pellet was further
loosened by gentle tapping in the presence of 5 mL of fresh
sterile PBS to the pellets. The tubes were left undisturbed for
15 min to allow sufficient rehydration. Once rehydrated, the
samples were spin down at 1000 rpm for 5 min before incu-
bating the samples for 15 minutes in 1 mL of propidium iodide
staining buffer (PI (200 mg), 0.1% (v/v) Triton X-100 and 2 mg
DNAse-free RNAse A (Sigma) in 10 mL of PBS). The obtained
samples were analyzed using a BDC6 Accuri flow cytometer for
PI fluorescence by observing the intensity in the FL-2 channel.

2.15 Hoechst staining

Staining for cells for the nuclei with dyes such as DAPI and
Hoechst 33342 reveal the DNA fragmentation caused by the
formulations in apoptotic/necrotic cells. For the study of the
effect of apoptosis and DNA fragmentation caused by the PTX
formulations synthesized, cells were seeded in a 24 well tissue
culture plates at a seeding density of 2 x 10* cells per well. The
cells were incubated with the formulations at ICs, values for
48 h. The cells were further washed with PBS and were fixed with
4% paraformaldehyde. Hoechst 33242 (2 ug mL ™) was added to
the fixed cells for a period of 15 min at RT to selectively stain the
nucleus of the cells. The stained cells were washed with 150 mM
PBS to remove excess, unbound dye prior to imaging under
fluorescence microscopy (filters, excitation 350 nm and emis-
sions 460 nm) to detect apoptotic cells by observing the inten-
sity of the blue-colored nuclei. Apoptotic and fragmented DNA
looked more intense in contrast to the cells with a spherical
shaped outline.

2.16 Measurement of mitochondrial membrane potential
(MMP)

MDA-MB-231 cells were seeded in a 24 well plate at a seed in
density of 2 x 10" cells per well and allowed to adhere for 12 h
prior to the addition of the PTX formulations at ICs, concen-
trations. After 48 h treatment, cells were washed with 150 mM
PBS and 1 ug mL " JC-1 dye of 0.5 mL JC-1 solution was added
to each well containing treated cells. The wells were incubated
in dark for 20 min at 37 °C. The structural influence of the PTX
formulations on the mitochondrial membrane was inferred
from its potential state by examining the relative fluorescence
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between its green monomeric (depolarised) form at through
excitation at 514 nm to that of its red aggregated (hyper-
polarised) form through excitation at 529 nm. All the images
were acquired using a microscope (ZOE™ Fluorescent Cell
Imager, Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.17 Measurement of reactive oxygen species (ROS) levels

Measurement of reactive oxygen species (ROS) is highly essen-
tial to understand the mechanism by which the synthesized
formulations induce apoptosis in the cells. The measurement
was carried out by the addition of DCFDA containing media to
the treated cells. The cells were seeded in a 24 well plate at 2 x
10* cells per well cell density, treated for 48 h before obtaining
the ROS values for the treated cells. After the treatment, the
media was replaced with culture media containing 10 pM
carboxy-DCFDA for 30 min at RT. All the incubation was carried
out in dark to protect the light-sensitive DCFDA compound. The
cells were washed with PBS and fluorescence images were
captured using a microscope (ZOE™ Fluorescent Cell Imager,
Bio-Rad Laboratories Inc., Hercules, CA, USA) in the green
channel.

2.18 Apoptosis studies by annexin V-PI staining

The apoptotic stage of the cells undergoing apoptosis due to the
addition of the PTX, NM-1 and NM-2 was analyzed using the
annexin V/propidium iodide apoptosis detection kit. MDA-MB-
231 cells were seeded at 8 x 10" cells per well in a 12 well plate
and left for 12 h for good cell attachment. The cells were treated
with the synthesized compounds at IC5, concentrations for 48 h
and were further washed with sterile PBS. The washed cells were
detached using trypsin and resuspended in annexin binding
buffer containing 5 pL annexin-V/fluorescein isothiocyanate
(FITC) and 10 pL PL Each sample was incubated in dark for
15 min at RT before being analyzed for red (FL-2) and green
channels (FL-1) using a BD Accuri™ C6 flow cytometer (BD
Biosciences, San Jose, CA, USA).

2.19 Statistical analysis

All the experiments were performed in triplicate and all the data
were represent in +standard deviation (SD). The value of p <
0.05 was considered significantly different.

3. Results and discussion

3.1 Synthesis and characterization of succinoyl and cis-
aconityl pluronic-F68

The F68-SA-PTX and F68-CAA-PTX were synthesized by
following procedure described in Fig. S1.T Firstly, pluronic-F68
was modified to succinoyl and cis-aconityl derivatives with
succinic anhydride and cis-aconitic anhydride, respectively.
Following this, the modified F68 was reacted with PTX in the
presence of EDC and HOBt to synthesize F68-SA-PTX and F68-
CAA-PTX conjugates. The formation of modified succinoyl F68
and cis-aconityl F68 were confirmed by the "H-NMR and FTIR
techniques.* The "H-NMR spectra of pure F68 peaks at 6 3.85-
3.40 ppm (-CH, in PEO), 2.94-2.92 ppm (-CH, in PPO), 2.62-
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2.56 ppm (CH,CH(CH3)-O in PPO), and ¢ 1.58-1.01 ppm
((CH3)-O PPO).*®* Succinoyl F68 showed peaks at 6 3.80-
3.40 ppm (-CH, in PEO), 3.07, 3.04, 3.03 ppm (-CH, in PPO),
2.67-2.64 ppm (-CH, of succinoyl group), 2.62-2.56 ppm
(CH,CH (CH;)-O in PPO), 1.29-1.01 ppm ((CH;)-O PPO). The
"H-NMR peak at 6 2.67-2.64 ppm were confirmed the presence
of succinoyl group in F68.*° Similarly, for cis-aconitinoyl F68, the
peaks observed at ¢ 6.71 and 6.36 (alkene of cis-aconityl group)
and 2.08 ppm (-CH,) were confirmed the successfully conver-
sion of F68 to F68-CAA (Fig. S271).*

The pure PTX showed the 'H-NMR observed at § 8.14,
8.13 ppm (-NH-), 7.75-7.01 ppm (-Ph ring), 6.27-6.21 ppm
(-OAc), 5.80-5.78 ppm (-CH of methane), 5.68 ppm (-OH), 4.96-
4.94 ppm (-OAc), 4.80-4.19 ppm (-CH of hexane ring), 3.80-
3.79 ppm (-OH), 3.61-2.50 ppm (-CH of alkane ring), 2.39 ppm
(-OH), 2.35-2.30 ppm (-OAc), 2.24 ppm (-CH;), 1.87 ppm
(-OH), 1.68-1.14 ppm (--CHj)*>** (Fig. S21). The 'H NMR
spectra of F68-SA-PTX conjugate (500 MHz, CDCl;) was analyzed
as follows: ¢ 8.23-8.11 ppm (-NH- PTX), 7.80-7.42 ppm (-Ph
ring of PTX), 6.71-6.29 ppm (-OAc of PTX), 5.96 ppm (-CH of
methane of PTX), 5.67 ppm (-OH of PTX), 4.97 ppm (-OAc of
PTX), 4.31-4.22 ppm (-CH of hexane ring of PTX), 3.79 ppm
(-OH of PTX), 3.79-3.14 ppm (-CH of alkane ring of PTX and
—-CH, of PPO of F68), 2.82 ppm (-CH, of PEO of F68), 2.66—
2.50 ppm (-CH,-CH-(CHj3)-O- of PPO of F68), 2.37-2.30 ppm
(-OAc of PTX), 2.24 ppm (-CH; of PTX), and 1.28-1.01 ppm
(CH;-0- of PPO of F68). Similarly, "H NMR spectra of F68-CAA-
PTX conjugate was analyzed as follows: ¢ 8.21-8.12 ppm (-NH-
PTX), 7.93-7.28 ppm (-Ph ring of PTX), 6.87-6.21 ppm (-OAc of
PTX), 5.97 ppm (-CH of methane of PTX), 5.66 ppm (-OH of
PTX), 4.94-4.82 ppm (-OAc of PTX), 4.42-4.18 ppm (-CH of
hexane ring of PTX), 3.79 ppm (-OH of PTX), 3.73-3.10 ppm
(-CH of alkane ring of PTX and -CH, of PPO of F68), 2.76 ppm
(-CH, of PEO of F68), 2.64-2.44 ppm (-CH,-CH-(CH;)-O- of
PPO of F68), 2.37-2.30 ppm (-OAc of PTX), 2.28-2.21 ppm (-CHj3
of PTX), and 1.28-0.88 ppm (CH;-O- of PPO of F68) (Fig. 1). The
appearance of PTX peaks in F68-SA-PTX and F68-CAA-PTX
conjugates demonstrated successfully synthesis of F68-PTX
conjugates.*>*

The synthesis of F68-SA-PTX and F68-CAA-PTX conjugates
was further confirmed by the FTIR technique. Fig. S3 shows
the FTIR spectra of F68-PTX conjugates via succinoyl and cis-
aconityl groups. The pure F68 shows the FTIR peaks at
3503 cm ™' (O-H stretching), 2885 cm ™' (C-H stretching), 1970
and 1467 cm ™' (C-H bending), 1356 cm ™" (O-H bending), 1282
and 1112 em ™" (C-O stretching), 951, 841 and 523 cm ™' (C-H
bending). The succinoyl F68 shows the characteristic peaks at
2886 cm™ ' (C-H stretching), 1737 em ™" (C=O stretching) 1957
and 1467 cm ™~ (C-H bending), 1355 cm™ ' (O-H bending), 1284
and 1108 cm ™' (C-O stretching), 951, 842, and 527 cm ™' (C-H
bending). The observed peak at 1737 cm™ ' corresponding to
C=0 stretching of carboxylic group confirmed the successful
formation of succinoyl F68.

Similarly, cis-aconityl F68 shows the peaks at 3579 cm™* (O-
H stretching), 2879 em™' (C-H stretching), 1972 ecm™' (C-H
bending), 1721 ecm™ ' (C=O stretching) 1650 cm™ ' (C=C
stretching), 1570 and 1469 cm™ " (C-H bending), 1349, 1278,
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Fig. 1 H-NMR spectra of (a) pluronic F68 and PTX conjugate via
succinoyl group (F68-SA-PTX), and (b) pluronic F68 and PTX conjugate
via cis-aconityl group (F68-CAA-PTX).

1248 and 1107 cm ' (C-O stretching), 966, 835, 666 and
524 cm ' (C-H bending). The observed peaks at 1721 and
1650 cm ™' C=O0 stretching and C=C stretching respectively
confirmed the successful formation of cis-aconityl F68.** FTIR
peaks of PTX were observed at 3674, 3509, 3406 and 3305 cm ™~ *
(N-H and O-H stretching), 3063 and 2943 cm ' (CH, asym-
metric and symmetric stretching), 1735 and 1709 cm ™' (C=0
stretching), 1646 cm~' (CONH stretching), 1579, 1542, 1514,
1482 and 1451 cm™ ' (C=C stretching), 1370 and 1381 cm ™"
(CH; bending), 1245 cm " (C-N stretching), 1175, 1072 and
1021 cm™ ' (C-O stretching), and 984-898 cm ' (C-O
bending).** In the FTIR spectrum of F68-SA-PTX and F68-CAA-
PTX, the characteristics peaks of both PTX and F68 are
present which confirm the conjugation of F68 and PTX. Thus,
the FTIR peaks at 1715 cm ™" (C=O of succinoyl) in F68-SA-PTX,
and at 1740 and 1723 cm ™' (C=0 of cis-aconityl) in F68-CAA-
PTX confirm the successful conjugation of F68 and PTX via
succinoyl and cis-aconityl linkers, respectively.*®

3.2 Critical micelle concentration of F68-PTX conjugates

Critical micelle concentration (CMC) is investigated to deter-
mine the concentration for self-assembling and its dilution
stability behavior of polymer/surfactant-based molecules.***
The CMC values of the F68-SA-PTX and F68-CAA-PTX conjugates

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were determined using a pyrene-based fluorescent method. The
CMC value for F68-SA-PTX and F68-CAA-PTX conjugates was
found to be 0.2 mg mL™" (Fig. 2) which is about 20 times lower
than the pure F68 CMC (212 pg mL™"). The observed low CMC
values of conjugates suggested that both F68-SA-PTX and F68-
CAA-PTX conjugates could be self-assembled into micelles at
very low concentrations and hence may remain more stable
during blood circulations in comparison to the micelles formed
with pluronic F68 alone.* Further, the stability of micelles in
blood also help in restricting the burst release of drug before
reaching to the site and thus in avoiding the side effects of the
drug. Interestingly, both F68-SA-PTX and F68-CAA-PTX conju-
gates have same CMC values which indicates that the linkers
present in the conjugates do not significantly affect the CMC of
the conjugate.

3.3 Characterizations of nanomicelles

The particle size, PDI and zeta potential of NM-1 and NM-2 were
measured by DLS method (Table 1). The size NM-1 and NM-2
were found to be 122.9 and 110.6 nm, respectively (Fig. S47).
The PDI values for NM-1 and NM-2 were 0.297 and 0.224,
respectively. These results suggest the formation of mono-
disperse nanomicelles of both F68-SA-PTX and F68-CAA-PTX
conjugates in water. The zeta potential of NM-1 and NM-2
were —2.3 and —5.2 mV, respectively. The PTX conjugated
nanomicelles NM-1 and NM-2 showed the drug content of 7.94
+ 0.51 and 8.21 + 0.47%, respectively. The core sizes of the
nanomicelles were measured by TEM analysis and found to be
~71 nm and ~58 nm for NM-1 and NM-2, respectively (Fig. 3a
and b). The size from TEM analysis observed smaller than the
DLS measurements which could be due to difference in the
dried state and hydrated state of the nanomicelles.*”*°

Fig. 3c and d, illustrates the SAED patterns of the NM-1 and
NM-2. The lack of diffraction spots in the images suggests the
amorphous nature of the both the nanomicelles system. The
physical state of pure PTX and nanomicelles was also

1.22
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1201« F68-CAA-PTX Y
1.18- P
£ 1.16 "~y
en 1. T
:m /l/ / /.
% 1.14- CMC/ ,,
e - o
1121~~~ o
/
L1, __,---
1.084+—

1.6 1.8 2.0 2.2 2.4 2.6 2.8
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Fig. 2 Critical micelle concentration (CMC) of pluronic F68 and PTX

conjugate via succinoyl group (F68-SA-PTX) and pluronic F68 and PTX
conjugate via cis-aconitinoyl group (F68-CAA-PTX).
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Table 1 Particle size (PS), polydispersity index (PDI), zeta potential (ZP)
and drug loading (% DL) measurements of PTX conjugated nano-
micelles (£SD, n = 3)

System NM-1 NM-2

PS (nm) 122.9 £ 9.7 110.6 &+ 3.4
PDI 0.297 & 0.072 0.224 + 0.054
ZP (mV) -2.31 4+ 0.18 -5.20 + 0.27
DL (%) 7.94 £ 0.51 8.21 + 0.47

determined by the DSC and powder XRD analysis. The DSC scan
of pure PTX showed the characteristic peak at 221 °C corre-
sponding to the melting point of PTX.** However, this peak was
not appeared in the scans of both the nanomicelles, instead
they showed peaks at 53 and 50 °C for pluronic F68 (Fig. 3e).*
Thus, the observed results suggested the conjugated the PTX
was present in amorphous form in the core of the nanomicelles.
A similar behaviour was observed in powder XRD analysis. As
shown in Fig. 3f, pure crystalline PTX showed sharp peaks at 26
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Fig. 3 Characterization of the designed nanomicelles (a) trans-
mittance electron micrograph (TEM) of F68-SA-PTX conjugate
nanomicelles (NM-1), (b) TEM of F68-CAA-PTX conjugate nano-
micelles (NM-2), (c) selected area electron diffraction pattern (SAED) of
NM-1, (d) SAED of NM-2, (e) differential scanning calorimetry spectra
of pure paclitaxel (PTX), NM-1 and NM-2, and (f) powder X-ray
diffraction patterns of PTX, NM-1 and NM-2.
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angle 6.2°, 8.7°, 9.9°, 11.0°, 12.1°, 15.3°, 16.8°, 17.6°, 18.5°,
19.1°,20.8°, 21.6°, 22.4°, 24.7°, 26.6°, 28.3° and 29.6°.5! The PTX
conjugated NM-1 and NM-2 showed the peaks at 18.6 and 22.8°,
and 18.8 and 22.9° respectively. These observed peaks are due to
the presence of pluronic F68 in the micelles.*® In the NM-1 and
NM-2 XRD patterns, the characteristic pattern of crystalline PTX
peaks were not observed which further confirmed the conver-
sion of crystalline PTX into amorphous PTX during the conju-
gation and nanomicelles formation processes.

3.4 Effect of the media and pH on the release of PTX from
nanomicelles

The in vitro release profiles of PTX from NM-1 and NM-2 are
presented in Fig. 4. The release of PTX was studied in three
different media having three different pH i.e. phosphate buffer
saline with pH 7.4 (mimicking physiological/blood pH), phos-
phate buffer pH 6.5 (mimicking tumor microenvironment pH)
and sodium acetate buffer pH 5.0 (mimicking endolysosomal
pH). As observed from Fig. 4, both the nanomiclles showed pH-
triggered faster release at acidic pH in comparison to neutral
pH. After 96 h, about 67% and 93% of PTX was released from
NM-1 and NM-2, respectively, at acidic pH 5.0 while at pH 7.4,
the PTX was released about 48% and 53% from NM-1 and NM-2
for the same period of the time. The release of PTX was about
61.3 and 81.4% from NM-1 and NM-2, respectively at pH 6.5.
Thus, even at slightly acidic pH of tumor microenvironment,
the release was more than the physiological pH. The faster PTX
relaese in acidic medium could be due to hydroplysis of ester
bond in acidic medium.** These observed release data clearly
indicated the pH-sensitivity of the both the nanomicelles.
Comparing the NM-1 versus NM-2, the PTX release was faster
with NM-2 than NM-1, demostrating a faster hydrolysis of cis-
aconityl bond than the succinoyl bond. It was also observed that
both nanomicelles showed a sustained release of PTX over the
period of 96 h. Thus a sustained and pH-triggered release of
drug would help in the delivering of drug more to the tumor
tissue while a very less amount of drug would be released in the
blood.
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Fig. 4 In vitro drug release patterns of F68-SA-PTX conjugate nano-
micelles (NM-1) and F68-CAA-PTX conjugate nanomicelles (NM-2) in
sodium acetate buffer SAB (pH 5.0), phosphate buffer (pH 6.5) and
phosphate buffer saline PBS (pH 7.4) at 37 + 0.5 °C.
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3.5 Effect of pH and media on the stability of nanomicelles

To evaluate the effect of pH and media on the colloidal stability
of NM-1 and NM-2, the change in particle size of the NMs were
determined after incubation at different physiological condi-
tions i.e. SAB pH 5.0, PBS pH 7.4 and water pH 7.0 (Fig. 5).

The particle size of NM-1 was increased significantly in three
media. But the particle size of NM-2 was not increased except in
SAB. It suggests that NM-2 nanomicelles were more stable in
comparison to NM-1. The increase in size of NM-2 in SAB could
be attributed to rapid hydrolysis of cis-aconityl linkage and thus
breakdown of micellar structure.*® Thus, cis-aconityl linked
nanomicelles i.e. NM-2 are expected to have excellent colloidal
stability during circulation in blood but degrade fast in the
tumor cells environment and endolysolomal pH.**

3.6 In vitro hemolysis assay

Hemolysis assay was used to evaluate the effect of prepared PTX
conjugates nanomicelles on RBCs. The negative control (NC)
and positive control (PC) produced negligible hemolysis and
100% hemolysis respectively. Hemolytic profile of NM-1 and
NM-2 for different PTX concentration observed less then >1% of
hemolysis (Fig. 6). Overall, the observed results suggested the
that, prepared NM-1 and NM-2 are highly biocompatible in
nature.
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Fig. 5 Stability of F68-SA-PTX conjugate nanomicelles (NM-1) and
F68-CAA-PTX conjugate nanomicelles (NM-2) determined at 37 °C.
Particle sizes of NM1 and NM2 in (a) SAB, (b) PBS and (c) water.
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3.7 Invitro cytotoxicity

To determine the effect of conjugation and preparation of
nanomicelles on the anticancer activity of PTX, in vitro cyto-
toxicity assay was performed against MDA-MB-231 human
breast cancer cells. The cells were incubated with pure PTX or
NM-1 or NM-2, equivalent to 0.1 to 10 000 nM concentration of
PTX for 72 h. Fig. 7a shows the concentration dependent effects
of the formulations on the cancer cells. Assessment of half-
maximal inhibitory concentration (ICs,) is crucial in identi-
fying the comparative effectiveness of the formulations
synthesized to function as effective anti-cancer system.***” In
this study, it was observed that the ICs, for all the three PTX
formulations was in the range of 0.8-1 nM, indicating the
similar efficacy of the PTX nanomicelles to the free PTX. The
observed cytotoxicities of the designed nanomicelles were
comparatively higher than that reported with the marketed
nanoformulations of PTX i. e. Abraxane (67.9 ug mL™ ') and nab-
PTX (0.91 ug mL ') against MDA-MB-231 human breast cancer
cells.>®*

3.8 Effect on 3D multicellular spheroids

The 2D data obtained was further verified in the 3D spheroids
system. This was carried out due to the close resemblance of the
three-dimensional spheroid system with that of the tumor
microenvironment, thus mimicking the cytotoxicity and activity
of the anti-cancer reagents in the real tumour environments.*>**
The ICs, of the PTX formulations were assessed by their

[ng/mL]

[b] *

I NM-1 [ NM-2

Hemolysis [%]
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20

5 10 40 80
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Fig. 6 Hemolytic toxicity study performed at 37 °C: (a) digital images
of RBCs supernatant after treatment (5-80 ng mL™* equivalent to PTX)
with F68-SA-PTX conjugate nanomicelles (NM-1) and F68-CAA-PTX
conjugate nanomicelles (NM-2), and (b) hemolysis percentage of NM-
1 and NM-2 (PC = positive control and NC = negative control).
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Fig. 7 (a) Cytotoxicity studies in MDA-MB-231 breast cancer cell line.
(a) The effect of free paclitaxel (PTX), F68-SA-PTX conjugate nano-
micelles (NM-1) and F68-CAA-PTX conjugate nanomicelles (NM-2) on
2D MDA-MB-231 cells after 72 h of exposure. (b) Effect of PTX, NM-1
and NM-2 on MDA-MB-231 spheroid formation. MDA-MB-231 cells
were grown in ultra-low attachment cell plates and were treated with
ICsp concentration of the PTX formulations. Quantitative analysis of
the spheroids formed was carried out by the addition of Cell-titer Glo
reagent to the cells to observe the corresponding cellular lumines-
cence, and (c) calcein AM and propidium iodide was added to cells
after 72 h and was captured to observe the number of live and dead
cells. Scale bars are 100 um.

addition on the cells for 72 h and the cells were further stained
using the live/dead staining kit which selectively stained the live
and dead cells in green and red colours, respectively. In contrast
to the data obtained in the 2D assay, the live dead staining
showed prominent cell death in the cells treated with NM-2
while NM-1 and pure PTX treated cells displayed significantly
less cell death (Fig. 7b and c).

3.9 Cell cycle analysis

Analysis of the cell cycle phase is a reliable indicator of cancer
progression and the ability of the cancer cells to transition
through different phases in order to proliferate. The arrest of
the cells in a particular phase elicits the mechanism behind the
anti-cancer activity of the synthesized molecules in cancer
cells.®*** The findings of the action of PTX based formulations
are shown in Fig. 8. A markedly clear increase in the percentage
of cells undergoing G2/M arrest is seen with the addition of pure
PTX, NM-1 and NM-2 as compared to that of controls. The
control cells showed about 31.91% of cells in the G2/M phase
whilst NM-2 displayed the highest percentage of cells about
49.93%. There is also a simultaneous decrease in the G0/G1
phase of cells incubated with PTX formulations. In cells incu-
bated with NM-2, the percentage of cells in GO/G1 phase
decreased from 54.80% to 36.22% with respect to control cells,
showing a clear relationship between the G2/M phase arrest and
decreasing cell viabilities, thereby proving NM-2 to be an
effective anti-cancer formulation of PTX.

3.10 Nuclear morphological changes

To observe the DNA fragmentation and other morphological
changes associated with the nucleus of the MDA-MB-231
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Fig. 8 Cell cycle analysis of free paclitaxel (PTX), F68-SA-PTX conju-
gate nanomicelles (NM-1) and F68-CAA-PTX conjugate nanomicelles
(NM-2): (a) flow cytometry plots showing the increase in G2/M phase
and decrease in GO/G1 phase in treated cells as compared to the
untreated control cells. (b) Quantitative bar graphs representation of
respective percentages of cells in GO/G1 (green), S (red) and G2/M
(blue) phase.

human breast cancer cells in the presence of the prepared PTX
formulations, nucleus staining dye Hoechst 33342 was added to
the cells.** Definitive apoptotic characteristics such as cell
shrinkage, bright condensed nuclear shape changes, and other
morphological changes were observed under a microscope 48 h
post-treatment with pure PTX, NM-1 and NM-2. As seen clearly
in Fig. 9a the cells treated with pure PTX, NM-1 and NM-2 show
a considerable number of bright nucleus indicating an increase
in the number of apoptotic cells as compared to that of the
controls.

3.11 Flow cytometric analysis of induction of apoptosis by
PTX nanomicelles

Induction of apoptosis is a mechanism of PTX to cause cell
deaths to the cancer cells. Annexin FITC/PI staining of cells has
routinely been used in the identification and differentiation of
early apoptotic cells from late/necrotic cells. This will help in
the verification of the nuclear staining data, thus confirming
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Fig. 9 Induction of apoptosis by free paclitaxel (PTX), F68-SA-PTX
conjugate nanomicelles (NM-1) and F68-CAA-PTX conjugate nano-
micelles (NM-2) in MDA-MB-231 cell lines. (a) Nuclear morphological
changes observed by the addition of nuclear dye, Hoechst 33342. The
bright, condensed nucleus is shown by red arrows pointing to the
condensed nucleus. Scale bar 100 pm. (b) Annexin V-FITC/PI staining
of untreated (control) and treated cells with pure PTX, NM-1and NM-2.

the percentage of cells undergoing apoptosis. The cells posi-
tively stained for Annexin V-FITC are majorly early apoptotic
cells whilst the cells stained for both PI and Annexin V-FITC are
considered either as necrotic or late apoptotic cells. The only PI
stained cells refer to the dead cells.®**® The flow cytometry
results as seen in Fig. 9b show the highest percentage of total
apoptotic cells (39.5%) for NM-2 as compared to NM-1 (38.1%)
and PTX (29.2%). The apoptotic cells were the lowest for the
untreated control samples (21.5%). It should also be noted that
the early apoptotic cells in the lower right second quadrant is
highest for NM-1 while the late apoptotic cells in upper right
quadrant is highest in the NM-2 proving both NM-1 and NM-2
having approximately equal efficiencies in killing the cancer
cells with a difference in the early and late apoptotic cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.12 ROS induction analysis

Elevated levels of reactive oxygen species (ROS) are seen in most
of the cancer cells and the existing chemotherapies including
PTX elevate the levels of ROS. An increase in the ROS levels in
the mitochondria results in increased oxidative stress damaging
the mitochondrial membrane potential.

This damages further leads to the induction of apoptosis
thereby killing a significant proportion of cells. The produced
ROS were analyzed with the help of -carboxy-2,7-
dichlorofluorescein diacetate (carboxy-DCFDA) dye, a specific
compound which upon cleavage by intracellular esterases
oxidizes to highly fluorescent carboxy-2,7 dichlorofluorescein
(carboxy-DCF) from a non-fluorescent compound.®” As seen in
Fig. 10a, NM-2 shows a significantly higher level of ROS as
compared to PTX and NM-1 displaying intense green fluores-
cence. The ROS levels in cells treated with compounds PTX and
NM-1 are comparable while the ROS levels are the lowest in the
control cells. The quantitative analysis of the produced ROS
intensity is also depicted graphically in Fig. 10b showing a five-
fold increase in the ROS levels in cells treated with NM-2 as
compared to that of the untreated cells, thus proving the effi-
ciency of the synthesized formulations to effectively kill cancer
cells.
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Fig. 10 (a) Reactive oxygen species levels in untreated (control) and
treated cells by free paclitaxel (PTX), F68-SA-PTX conjugate nano-
micelles (NM-1) and F68-CAA-PTX conjugate nanomicelles (NM-2). (b)
Graphical representation of the ROS intensity in untreated and
formulations treated cells. Scale bar 100 um.
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Fig. 11 Mitochondrial Membrane Potential (MMP) showing the JC-1
aggregates in red (polarised) and JC-1 monomers in green (depo-
larised) in mitochondria of cells treated with free paclitaxel (PTX), F68-
SA-PTX conjugate nanomicelles (NM-1) and F68-CAA-PTX conjugate
nanomicelles (NM-2) as compared to the untreated controls cells.
Scale bar 100 pm.

3.13 Measurement of mitochondrial membrane potential
(MMP)

Mitochondrial membrane damage can be assessed by staining
the cells with JC-1 compound that selectively stains the mito-
chondria and differentiates between polarised and depolarised
regions in the mitochondria.®® For the cells to remain healthy,
information regarding the polarised to the depolarised state
marked by the ration between them, which in turn is indicated
by the ratio between the red to green is essential in assessing the
degree of apoptosis when it occurs in cells. This replacement of
red fluorescence (polarised state) by green JC-1 monomers
(depolarised state) is a result of mitochondrial membrane
damage and collapse. This damage initiated by the addition of
the synthesized compounds is evident in Fig. 11 by the presence
of bright green fluoresce for NM-2 with the intensities of the
green fluorescence reducing in the order of compound NM-2 >
NM-1 > PTX. It is also evident that the untreated control
samples show an optimum balance between the polarised to the
depolarised mitochondrial membrane with significant regions
displaying orange fluorescence thus reconfirming the absence
of apoptosis in untreated samples while showing significant
apoptosis in cells treated with NM-2.
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4. Conclusions

In this study, pH-sensitive and self-assembled nanomicelles of
paclitaxel were designed using a biocompatible polymeric
surfactant pluronic F68. PTX was conjugated to the pluronic F68
using two pH-sensitive linkers i.e. succinic anhydride and cis-
acotinic anhydride. The drug-surfactant conjugate-based
micelles of PTX displayed a monodispersed, nanoscale ranged
stable formulations. The in vitro PTX release pattern showed
that the designed micelles could maintained the stability
during circulation and PTX could be released in acidic envi-
ronment of cancer cells. Comparing the two nanomicelles
systems, cis-aconityl based nanomicelles showed better control
over the release of drug, more stability, and higher cytotoxicity
to the 3D spheroids of human breast cancer cells. As demon-
strated by the cell cycle analysis, there was no significant change
in the mechanism of cell death (G2/M cell cycle arrest) after
conjugation of PTX with the pluronic F68. However, the PTX
present as nanomicelles showed increase in induction of
nuclear fragmentation, apoptosis, and ROS generation to the
human breast cancer cells than free PTX. Finally, the designed
pH-sensitive biocompatible delivery system could be a new
strategy  for the efficacy of anticancer
nanomedicines.
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