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Abstract

Introduction: Paclitaxel (PTX), an effective chemotherapeutic drug, is widely used to treat several types of cancers. However, its use is limited due
to poor water solubility resulted in poor bioavailability. One of the main ways to increase the efficacy and endurance of medications depends on the
carrier that used for it. In the current study, the microemulsions (MEs) were investigated based on Poly [2-methacryloyloxyethy| phosphorylcholine
(MPC)-co-n-butyl methacrylate (BMA)-co-p-nitrophenyl-oxycrabonyl poly ethylene glycol-methacrylate (ME-ONP)] (PMBN) ability as a carrier for
PTX to increase the half-life and its bioavailability. Also, the physicochemical properties of the ME system were evaluated.

Materials and Methods: PMBN, tween 80, triacetin, and glycerol were used as the drug carrier, surfactant, oil phase, and co-surfactant, respectively.
The hemolytic activity was characterized using the RBC hemolysis assay to evaluate the blood compatibility of the MEs. In addition, the in vitro
cytotoxic effect of PMBN-PTX-ME and PTX on MCF-7, 4T1, and HFF-2 cell lines was performed. Pl and Annexin-V dyes were used for cell
apoptosis.

Results: The conductivity of ME evaluated and the results showed 432 to 589 pS/cm. In vitro, the drug release study revealed that PTX has
controlled release at different pH levels. Refractive Index (RI) and % transmittance of the MEs remained ranging from 1.43 to 1.53, and 89% to
98%, respectively. The MTT assay determined that PMBN-ME without PTX had no significant toxicity on HFF-2, MCF-7, and 4T-1 cell lines. Based
on the apoptosis assay, treated cell lines with PMBN approximately remained alive.

Conclusions: The results revealed that ME-based on PMBN would be a promising drug delivery system for PTX drug delivery.
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Introduction

Paclitaxel (PTX) is an antineoplastic chemotherapeutic
drug and is used for the treatment of many types of cancers
including breast, ovarian, lung, bladder, prostate, melanoma,
esophageal, AIDS-related Kaposi’s sarcoma, as well as other
types of solid tumor cancers. It can damage the microtubules
structure induces apoptosis through a JNK-dependent
pathway.! The major limitation of PTX administration in
clinical applications is its poor water solubility (~0.4 pg/
mL) and poor cellular permeability**; thus, for clinical
administration, Cremophorl EL (poly-oxyethylated castor
oil) and ethanol (50:50 v/v) have been used in the commercial
taxol formulation.> The use of heterogeneous non-ionic
surfactant Cremophor EL causes serious side effects including
anaphylactic hypersensitivity reactions, lipoprotein patterns,
hyperlipidemia, reversal of P-glycoprotein (P-gp) activity,
nephrotoxicity, neurotoxicity and cardiotoxicity.® In addition,

Cremophor” EL can change the in vivo pharmacokinetic
profile of PTX. It also can induce systemic and hematological
toxicity through an oxidative stress-based mechanism, mainly
inducingan oxidative damage.” PTX formulated in Cremophor
EL has an unpredictable non-linear plasma pharmacokinetics.
Another limitation of the clinical application of PTX is its
substrate of P-gp, which can pump PTX out of cells and lead
to drug resistance. Thus; some P-gp inhibitors like verapamil
and PSC 833 were co-administered with PTX. Unfortunately,
the results were disappointing to overcome drug resistance.®
To improve the therapeutic efficacy of PTX, it is necessary
to develop a new drug delivery system to achieve the minimal
side effects and improve its efficiency.*'® Today, an efficient
drug delivery system based on nano-formulations of drugs
can be used. These systems have several advantages such
as enhancement of dissolution rate that can result in faster
onset of action; elimination of toxicity; decrease in refractive
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particle size, which enables to reduce in drug dosages and
side effects as well as improving pharmacokinetic profile.*!>
Many nano-formulation systems are used for anticancer drug
delivery to selectively deliver various anticancer compounds
to the tumor in a passive targeting manner.*!*"

In recent vyears, biocompatible polymer-based drug
delivery have been widely used for cancer treatment.
Several studies introduce some new biopolymers such as
2-methacryloyloxyethyl phosphorylcholine (MPC) which
contain the phosphorylcholine groups as bio-membranes
which has excellent biocompatibility, lack of protein
adsorption and platelet adhesion.”® N-butyl methacrylate
(n-BMA) units can behave as hydrophobic groups. Poly
[2-methacryloyloxyethyl phosphoryl choline (MPC)-co-n-
buthyl methacrylate (BMA)-co-p-nitrophenyl-oxycrabonyl
poly ethylene glycol-methacrylate (ME-ONP)] called PMBN
is a biocompatible terpolymer, which can be dissolved in
water.” Due to incorporation of hydrophobic materials by
n-BMA, it can be used as a carrier for PTX.? Using n-BMA
polymer functionalized with ester groups as an excellent MEs
system were designed and prepared for PTX (Figure 1).

ME:s have been used in several pharmaceutical applications
such as parenteral delivery,” oral drug delivery,” topical drug
delivery,” ocular?* and pulmonary delivery.®® In the present
study, MEs were formulated based PMBN as a PTX carrier,
Tween 80 as a surfactant and glycerol as a co-surfactant.
In order to investigate the physicochemical properties
of MEs formulated, several parameters were evaluated
including particle sizes, {-potential, atomic force microscopy
(AFM), differential scanning calorimetry (DSC), PTX
encapsulation efficiency, conductivity, refractive index (RI),
the transmittance (%) and pH of the formulations. The in vivo
cytotoxicity of microemulsions systems was performed using
median lethal dose (LD50) investigations. Also, in vitro drug
release, blood biocompatibility, as well as the cytotoxicity
and apoptosis of the PMBN-ME and PMBN-PTX-ME were
evaluated on MCF-7, 4T1 and HFF-2 cell lines by MTT (3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide)
assay and flow cytometry analysis.”

PMBN-PTX

Materials and Methods

Materials

The PMBN polymer was provided by Abnous Daroo Co.
Iran. The PTX obtained by Sobhan Oncology Pharmaceutical
Company (Iran). Triacetin, polyoxyethylene sorbitan mono-
oleate (Tween 80), glycerol, dichloromethane (CH,CL)),
Dimethyl sulfoxide (DMSO), PBS (phosphate buffer saline),
sodium dodecyl sulfate (SDS) and MTT reagent were
purchased from Sigma Aldrich Co., Germany. All cell lines
used in this study were grown in DMEM and RPMI-1640 high
glucose medium supplemented with 10% FBS (fetal bovine
serum), which was provided by the Pasteur Institute of Iran.

Preparation of PMBN-ME Loaded With PTX

The biocompatible O/W ME system was prepared based
on triacetin, Tween 80 and glycerol as oil phase, surfactant
and co-surfactant respectively. The PMBN polymer was
used as carriers of the hydrophobic drug PTX. One gram
(8.33%). Tween 80 and 0.2 g glycerol (1.66%) were added in
7.76 g water (64.66%) and mixed together for 10 minutes as
the aqueous phase. Then, to fabricate amid bond between
PMBN and PTX, 0.01 g of PTX (0.08%) dissolved in 2 mL
dichloromethane which was added to 0.03 g of PMBN
polymer (0.25%) dissolved in 2.5 g (20.83%) double-distilled
water as drop wise. The mixture of PTX and PMBN polymer
was sonicated at 200 W under 40-45°C for 30 minutes (SJIA-
950W; Ningbo Yin Zhou Sjia Lab Equipment Co Ltd, Ningbo,
China) and then, was added to the aqueous phase (mixture
of Tween 80, glycerol and water) under constant vigorous
stirring until organic solvent (dichloromethane) was vapored.
Finally, O/W ME was formed with titrated last solution with
0.5 g (4.16%) triacetin as dropwise and constant stirring
under 40-45°C. The organic solvent was evaporated at room
temperature for 45 min. Triacetin was served as oil phase to
form the O/W ME system.

Physicochemical Characterizations

FT-IR & UV-Vis Characterization of PMBN Loaded PTX
Fourier transform infrared (FT-IR) spectroscopy of PMBN,
PTX and PMBN-PTX-ME were recorded by a spectrometer

Figure 1. Schematic of PTX binding to PMBN Polymer and Illustration of PMBN-PTX in the Tumor Environment.
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(Bruker IFS 66 v/s) at room temperature. Approximately
1.25 mg prepared sample was mixed by 250 mg potassium
bromide (KBr) and passed in plate form. The spectra were
scanned over the range of 400-4000 cm™. In addition, the
absorption spectrum of the MEs system was examined by
UV-Vis spectrophotometer to determine the components of
PTX and PMBN in the MEs system formulation.

Particle Size and {-Potential Analysis of ME

The mean hydrodynamic size (Z-average) and size distribution
(polydispersity index) of the O/W PMBN-ME in the presence
and absence of PTX were assessed by Zetasizer nano-series
instrument (Malvern Nano ZS', Malvern Instruments Ltd,
Worcestershire, UK) equipped with a solid-state He-Ne laser
(A=633) at 25°C with an angle of 90.0 degrees and the patented
non-invasive backscatter technology. A 0.5 mL of ME were
diluted with 1.5 mL ultra-pure water in a clean Malvern
sample vial. The Z-average, PDI and {-potential of the ME
were measured by Zetasizer Nano-Z (Malvern Instruments
Ltd).

Morphology Analysis

The morphology MEs system was examined by AFM (JPK,
Nano Wizard 2, Germany). The MEs were diluted by distilled
water (1:5 ratio). The dilution ME was added to a mica
substrate (1 cm?) and allowed it to dry for 24 hours until
fixing the sample. The AFM analysis was carried out with a
Nanoscope IITa Dimension 3000 atomic force microscope
operated in tapping Also, the measurements were performed
in the intermittent contact mode.

Differential Scanning Calorimetry

Thermal analysis was performed with a DSC (Mettler
Toledo, model Star SW 9.30, Schwerzenbach, Switzerland).
Approximately 10-15 mg of MEs samples were added into
hermetic aluminum pans and quickly imprinted to prevent
water evaporation from ME samples. Meantime, an empty
hermetically sealed pan was used as a reference. The ME
samples were exposed to a temperature ranging from 30-
300°C (the flow rate of temperature at 15°C/min).

Conductivity Measurements

The conductivity meter Metrohm Model 712 was used
for the measurement of MEs electric conductivity. This
experiment was performed at room temperature (25+1°C).
All measurements were repeated three times. In order to
check the physical stability of the MEs system, the Z-average
was investigated every 15 days for three months at room
temperature by dynamic light scattering (DLS).

pH Determination of ME

The pH values for ME were assessed at 25°Cby a Corning 220
pH meter (Cole-Palmer, Teddington, UK). This experiment
was performed to investigate the influence of ME type and
presence or absence of PTX on the pH as well as to compare
the values with those of blood plasma.”

Refractive Index of ME

The RI of a ME system is a parameter to examine the speed of
light transmission through the ME system. The RI for ME was
assessed at 25°C using refractometer M46.17/63707 (Higler
and Walts Ltd., England, UK).

Limpidity Test (Percent Transmittance)

The transparency of MEs system was determined by measuring
the percentage of transmittance using spectrophotometer
(Shimadzu, UV-160, Japan).?® The percentage transmittance
of the MEs system was measured at 633 nm with double
distilled water taken as blank and three replicates were
performed for each sample."

The Paclitaxel Encapsulation Efficiency

The PTX encapsulation efficiency (EE %) of PMBN-PTX-
ME was determined from the non-encapsulated free drug
according to the described method by Bisht et al.? In brief,
50 pL of PMBN-PTX-ME was mixed with 450 uL deionized
water and then the solution was diluted with deionized water
50 times. The solution was collected in a tube containing a
dialysis membrane with the MW cut-off at 3000 Da, followed
centrifuging at 12000 rpm (25°C) for 20 minutes. The free PTX
which could pass through the membrane was collected, dried
and dissolved in 1 mL dichloromethane and drug content was
measured by spectrophotometer (Thermo Fisher Scientific,
USA, Madison, model GENESYS™ 10S) at wavelengths of 230
nm. The PTX encapsulation efficiency (EE %) was calculated
according to the following formulation:

Co—Cq

EE% = X 100

C, is the total amount of PTX initially added and C, is the
non-encapsulated amount of PTX in the ME sample.*

In Vitro Drug Release Studies

The in vitro PTX release from the PMBN-PTX ME and the
free-PTX was carried out in 5% (w/v) tween 80 in sodium
phosphate buffer solution media at two different pH release
media. The pH 7.4 and pH 5.8 buffer solutions, simulated
intestinal fluid and mimicked the cancer cell gap fluid,
respectively. Initially, the dialysis tubing (Molecular weight
cut-off >12000, HiMedia) was drenched in sterile water or
phosphate buffer pH 7.4 overnight. The dialysis bag containing
480-uL suspension of PMBN-PTX ME was incubated in 20
mL PBS of different pH (pH 7.4 and pH 5.8) at 37°C under
slight starring (100 rpm).

At predetermined time intervals, 0.5 mL of release solutions
were withdrawn and replaced with the same volume of the
fresh medium and then, analyzed the drug content at the
wavelength of 230 nm according to the standard calibration
curve.*!

In Vitro Cytotoxicity Assay

Cell Culture

MCEF-7,4T1 and HFF-2 cell lines were provided by the Pasteur
Institute of Iran. The MCF-7 and 4T1 were cultured in RPMI-
1640 medium. HFF-2 was cultured in MDEM medium with
10% Penicillin-Streptomycin (10% Pen-Strep) and 10% heat-
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inactivated FBS in an incubator at 37°C under an atmosphere
of 5% CO, and 80% relative humidity.

Cytotoxicity and Cell Activity Studies

The HFF2, MCF-7, and 4T1 cells were cultured at the density
of 6x10° cell/well in 96-well plates. After 48 hours (80%
confluency), the culture medium was aspirated and replaced
with 200 pL of media containing serial dilutions of treatment
samples, including different PTX concentrations (0.625,
1.25,2.5, 5, 10, 20, 40, 80 nM) and 200 pL culture medium as
negative control were added into the wells. After incubation
for 24 hours at 37°C, the drug-containing media was removed
and replaced with 20 pL of the medium, including 5 mg/
mL MTT solution, then treated cells were incubated at 37°C
for 4 hours. The culture medium was removed and 150 pL
of DMSO was added to each well to suspend the dark-blue
formazan crystals while vigorously stirring the plates using an
automated shaker. Cell viability was quantified by measuring
the absorbance of the formazan at the wavelength of 570 nm
with a microplate reader (Spectra Max 190).

The data were expressed as the percentages of viable cells
compared to the survival of the control group (untreated
cells as controls of 100% viability). The data were expressed
as the mean * standard deviation (SD) of five individual
measurements.

Hemolysis Assay

Healthy human red blood cells (RBCs) were gifted from the
blood bank of the Mousavi Hospital (Zanjan, Iran) which was
re-suspended in isotonic PBS until diluted to 10% of their
initial concentration.’>” Six different mass concentrations
of PMBN-ME and PMBN-PTX ME (10, 40, 70, 100, 130 and
160 pg/mL) plus 1% SDS in positive controls and 500 L PBS
in negative controls were added into different micro tubes.
Aliquots of 200 pL RBC were added to each tube. Then, 700
uL PBS was added in different tubes and incubated for 4
hours in a 37°C water bath. After incubation, the tubes were
centrifuged for 10 minutes at 4000 g at room temperature.
Finally, 200 pL of the supernatant was transferred to a 96-well
plate. The absorbance was measured at 541 nm using a plate
reader. The percentage of hemolysis was calculated as follows:

sample — Anegutive

A
Hemolysis(%) = ————  x 100

positive — Anegative

In this equation, A is the absorbance of the sample,
A nednd A are the absorbance of the negative and the

positive control samples.

Apoptosis Assay by Flow Cytometry

ApopNexin FITC assay detects the appearance of
phosphatidylserine (PS) residues on the outer membrane of the
cells which occurs as the early signs of apoptosis. Annexin-V
which was frequently used in apoptosis investigation has a
high affinity for PS and binds to cells with exposed PS. This
means it can be used as a probe for inspected apoptosis. The
signs of apoptosis were detected by an ApopNexin FITC
apoptosis detection kit (Sigma Annexin-V, BioTek CO). The
experiments were performed as described in the protocol of

ApopNexin FITC kit. The PMBN-PTX-ME, PMBN, PTX,
and the media as control were subjected into the cultured
HFF2, MCF-7 and 4T1 cells and incubated for 24 h according
to the ApopNexin FITC kit description.

LD50 Assay

The MEs were formulated using different chemicals (triacetin,
Tween 80, PMBN and glycerol), which may have different
toxic effects. The LD, as a toxin dose required to kill half of
the individuals in a test population, is to evaluate the safety of
the MEs system, an acute oral toxicity study was performed in
12 adult mice of an average weight of 30-35 g and were taken
in an ideal laboratory condition as per OECD.** The LD,
assay was carried out at different concentration (ranging from
175 to 5000 mg/kg) of MEs system (PMBN-ME and PMBN-
PTX ME), which were orally administered to each animal.
All animals were weighed before administration, and one day
and one week after the administration. Likewise, during the
test, any physical activities and behavioral changes of animals
were monitored. If all the animals survived after 24 hours,
four other animals were treated at the highest does. If these
animals survived too, the LD50 would be more than the dose
limit and the test was stopped.

Statistical Analysis

Statistical analysis of the data was performed by the GraphPad
Prism 7 software. The experiments were repeated at least
three times, and the data were expressed as means + SD.
For normally distributed data, one-way analysis of variance
(ANOVA) with repeated measures was used to compare
within the same group and Tukey test for correction. Likewise,
one-way ANOVA with Dunnett test was used to compare
the mean between different groups. For the non-normally
distributed data, the Kruskal-Wallis test and Fisher exact
test were employed for correction and categorical variables,
respectively. The P value < 0.05 and ns were considered as
significant and not significant difference, respectively.

Results

Optimum formulation of O/W Microemulsion

The MEs system has an adequate ratio of organic phase
(triacetin), aqueous phase (water, surfactant and co-
surfactant) and PMBN polymer as a drug carrier. The results
obtained by different fractions of ME composition have been
summarized in Table 1. The F, and F_ formulations were
transparent in appearance. However, the F, formulation
was selected for further studies, since this formulation has
total amount of surfactant and co-surfactant lower than F,
formulation. This is due to the toxicity of surfactant in high
concentration. So, all of the samples were prepared according
to the compositions ratio of the F, formulation.

Particle Size and {-Potential Analysis of Microemulsion

The Z-average and {-potential of drug-free ME (F,) was
analyzed by DLS (Table 2), which can be validated by the results
of other studies that prepared similar ME formulations.*
Figure 2a-b shows that the Z-average of the PMBN-PTX-ME
and suggestion ME (F,) were found to be around in 17.07 nm
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Table 1. Composition and Evaluation of PMBN-ME Formulations

Formulations PMBN (%W/W) Tween 80(%W/W) Glycerol (%W/W) Triacetin (%W/W) Water (%W/W) State

F, 0.24 6.40 2.16 4.00 87.20 Cloudy

F, 0.24 6.40 1.28 3.98 88.10 Slightly Cloudy
F, 0.24 8 2.40 6.36 83 Slightly Cloudy
F, 0.24 8 1.60 4.00 86.16 Transparent
F, 0.24 9.6 3.21 4.00 82.95 Slightly Cloudy
Fq 0.24 9.6 1.92 4.00 84.24 Transparent

Table 2. Evaluation of Particle Size, PDI and ¢-Potential PMBN-PTX-ME Compared
to Free-PTX Formulations

Microemulsions Formulations  Particle Size (nm) PDI {-Potential (mV)
F, 12.83 0.273 -6.77
PMBN-PTX-ME 17.99 0.359 -12.8

and 12.83 nm, respectively. The results were examined and no
significant difference was observed in the Z-average particle
size than suggestion ME after loading the drug. For all samples
(suggestion ME and PMBN-PTX-ME), PDI values are in the
range of 0.273 to 0.117, which indicated greater uniformity in
particle size distribution, homogeneity and then their system
stability.® In addition, {-potential of free-drug optimal MEs
and PMBN-PTX-ME were determined and there was negative
in the range of -6.77 mV to -12.8 mV (Figure 2c-d).

FT-IR & UV-Vis Characterization of PMBN - PTX-ME

The FTIR spectra of PTX, PMBN and PMBN-PTX-ME
have been presented in Figure 3a. The FTIR spectroscopy
was used to confirm that the PTX was successfully loaded

on the PMBN. The FT-IR spectrum of pure PTX showed
an absorption peak at 1500 to 1735 cm™ which belonged to
the aromatic C-H bonds. Likewise, absorption peaks at 3500
cm’’, 2900 cm’, 1050 cm™, and 1630 cm™ were attributed
to the aromatic ring (C=C) stretching frequency, aromatic
C-H bonds, and C=0 amide stretching of PTX respectively.
Further, the peak at 1451 cm™ denotes the CH, scissoring
mode of PTX.%? In the FTIR spectrum of PMBN, the peaks
were observed at 1735 cm™ and 3400 cm™ because of C=0
amide and O-H groups stretching, respectively. Also, the
aliphatic C-H stretch was observed at 2930 cm ™. However, the
peaks that appeared at 1086 cm™ and 964 cm-', respectively,
are referred to the POCH, and N* (CH,).” In addition, for
PMBN loaded with PTX, , the stretching of O-H groups in
PTX spectrum observed at 1750 cm™. In the PMBN-PTX-ME
case, it appeared at 1643 cm™. Such a shift might point out to
the loading of the PTX in the PMBN (Figure 3a).

As all the characteristic absorption peak of PTX can be
found in FT-IR spectra of the PMBN-PTX-ME, so, PMBN
was successfully coated with PTX. The optical properties of
PMBN-PTX ME were examined with UV-Vis absorption
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Figure 2. Particle Size Distribution for Free-Drug-ME (F,) (a) and PMBN-PTX-ME (b), and Zeta Potential Curve Free-Drug-ME (F,) (c) and PMBN-
PTX-ME (d).
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spectrophotometer (Figure 3b). The loading of PTX into the
PMBN was examined using UV-Vis absorption. The UV-
Vis spectrum peaks of the PMBN and PMBN-PTX ME were
observed on 229.5 nm and 227.5 nm, respectively.

In the UV-Vis absorption spectrum of PTX, it can be
seen that a characteristic absorption band centered at 230
nm, which has been assigned to the sr-* transition. It can
be concluded that the UV-Vis absorption spectrum of the
PMBN-PTX ME confirms that the PTX was successfully
loaded into PMBN.

Morphology Analysis
The morphology of ME and mechanical properties of the MEs
system and assemblies determined by AFM was presented

a
E‘ 4
PMBN

8 ’\f‘“‘w
& \ “
< g \ /
8 PMBN.-PTX =
E 21 \ N Wi M
T lem N | U
g 84 / i 16430328 |
& | A :
b= / | .' 1

1 3380.3279 e / Y/

1 1750.0000
R |
2899.7541
e T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm)

in Figure 4b. The ME particles had spherical shape with a
smooth surface.” In detail, MEs particles exhibited a globular
shape and homogeneous spherical morphology, which
corroborated with the data DLS analysis (Table 2). Also, no
roughness was observed on the particle surface.

Physicochemical Characterizations
PMBN-PTX-ME
Encapsulation efficacy quantified according to the standard
calibration curve in the concentration range of 2-20 pg/
mL with the correlation coefficient of 0.9971. The limit of
detection and limit of quantification were found to be 0.21
pg/mL and 0.65 pg/mlL, respectively.

About 98.86% of the drug was encapsulated in the PMBN-
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——PTX ——PMBN-PTX PMBN
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w

350 400
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Figure 3. FT-IR Spectra of PMBN, PTX, and PMBN-PTX-ME (a) and UV-Vis Spectra of PTX, PMBN and PMBN-PTX ME (b).
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Figure 4. DSC Thermograms of PTX, PMBN-PTX-ME and PMBN (a), AFM Image of a PMBN-PTX-ME Prepared by Optimum Formulation (b) and
Stability Curves of Free-Drug-ME and PMBN-PTX-ME (c).
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PTX-ME which was determined by measuring the UV
absorbance at 230 nm. The physicochemical characterizations
of the MEs system were performed by conductivity, %
transmittance, pH and RI (Table 3). The electrical conductivity
coefficient of drug-free-ME (F,) and PMBN-PTX-ME was
revealed in 432 pS/cm and589 pS/cm, respectively. The high
value of conductivity coefficient is characteristic of water in
oil-in-water (w/o/w) type of ME.** The transmittance (%) of
the drug-free ME (F,) and PMBN-PTX ME was in the range
of 89-98% with high percentage transmittance.*® The results
revealed that the ME systems were transparent and were
considered as a single phase liquid.

The pH value of the PMBN-PTX ME was lower than
PMBN-ME which has been attributed to the acidic chemical
structure of PTX, which possesses hydroxyl groups in different
positions. The RI of drug-free-ME (F,) and PMBN-PTX-ME
was around 1.43-1.53 which is close to the aqueous phase
(1.333) and therefore is shown in the oil-in-water (O/W)
type of microemulsions over 80% water as the continuous
phase. Furthermore, the ME systems (drug-free and PMBN-
PTX ME) stability were examined by evaluating their particle
structure integrity as well as possibility of aggregation.
Therefore, the Z-average of ME systems was monitored for
three months as the main factor of the incubation time. As
shown in Figure 4c, Z-average of free-drug suggestion MEs
(PMBN-ME) and PMBN-PTX ME were not significantly
increased throughout the measurement period. On the
other hand, the differential scanning calorimetric (DSC)
thermograms of the samples (PTX, PMBN, and PMBN-PTX
ME) were performed to evaluate the thermal behavior of
ME:s system. In thermo-gram of PTX, an endothermic peak
approximately at 217°C shows the melting point of PTX. Also,
the endothermic peak which appeared at 110°C indicates the
melting point of PMBN.

Figure 4-a shows no visible peak near the PTX and PMBN
melting point for the PMBN-PTX ME thermo-gram, which
confirms the encapsulation of PTX in ME. The data shows
that the PTX and PMBN were amorphous in the ME systems.

In Vitro Drug Release

The dialysis bag method was employed to determine the
release profile of the drug from the MEs system. This is the
most versatile and popular method to study the drug release
from nano carriers.* Figure 5 demonstrates the release
profile of PTX through the PMBN-PTX-ME at two different
pH buffer solutions (pH 7.4 and pH 5.8). In the first step,
PTX was burst released from PMBN-PTX ME, which was
mainly related to the release of PTX trapped into the aqueous
phase.”** In the second step, the PTX was released slower
more than the first step and then continued up to 144 hours.

Table 3. Physicochemical Characterization of PMBN-PTX-ME and Optimum
Formulation

Formulations Conductivity (uS/cm)  pH RI %Transmittance
F, 432 6.2 1.43 98
PMBN-PTX-ME 589 5.8 1.53 89

In-vitrodrug release

Free PTX releas in pH=7.4
—e—Free PTX release in pH=5.8

—e—PMBN-PTX release in pH=5.8

Comulative PTX release (%)

—e— PMBN-PTX release in pH=7.4

o 20 a0 60 80 100 120 140 160
Time(hour)

Figure 5. Accumulative Drug Release Profile of Free-PTX and PTX-
PMBN-ME on Different pH Conditions.

This controlled release phenomenon is related to a slow rate
of the formulation destruction. The cumulative amount of
PTX which was released at pH 7.4 at 37°C, was about 33.20%
after 24 hours while 32.92% at pH 5.8 in 24 hours. Hence,
after 24 hours there was no significant difference between the
PTX release profiles at pH 7.4 and pH 5.8 buffer solutions.
However, the percent of released PTX after 144 hours were
67.41% and 93.17% in the same media at pH (7.4) and pH
(5.8), respectively. In addition, the free-PTX release was
97% and 98.3% in the same media at pH (7.4) and pH (5.8),
respectively.

Cytotoxicity Analysis

For clinical and biomedical applications, cytotoxicity is one of
the most important indicators that should be considered for
the biocompatibility of any carrier. The cytotoxicity of blank
MEs (PMBN-ME) was evaluated on HFF-2, MCF-7, and 4T-1
cell lines at different concentrations (80, 40, 20, 10, 5, 2.5, 1.25
and 0.625 nM). They did not show any cytotoxic effect on the
growth of cell lines. The MTT assays were performed at 24
hours to evaluate cell viability. All cells (HFF-2, MCF-7 and
4T-1 cells lines) were treated with different concentrations
(80, 40, 20, 10, 5, 2.5, 1.25 and 0.625 nM) of PTX and PMBN-
PTX-ME after 24 hours. Untreated cells were used as a
negative control.

In all cell lines, the inhibition rate of the PMBN-PTX-ME
increased with an increase in the drug concentration from
0.625 nM to 80 nM (Figure 6a-c). Compared with untreated
cells, cells exposed to PMBN-ME remained unchanged due
to their outstanding biocompatibility of PMBN-ME. In
comparison, when incubated with PMBN-PTX-ME, the
amount of living cells obviously decreased, which is attributed
to the cytotoxic effect of PTX released from the MEs system.
Results revealed that cell toxicity is directly commensurate to
PTX concentration in a 24 hours period time.

The PMBN-PTX-ME IC, on MCF-7 and 4T1 were
found 28 and 22 nM, respectively. Data were analyzed
using ANOVA and *P< 0.05, **P< 0.01, and *** P<0.001 as
considered significant, very significant, and highly significant
respectively.

Hemolysis Assay
For clinical and biomedical applications, MEs systems should
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move with the circulation into all the organs and tissues of
the body. So, it is necessary to evaluate the biocompatibility
of the ME systems.” The minimal hemolytic activity on
human RBCs was indicated which PMBN-ME and PMBN-
PTX ME are blood compatible. Blood compatibility was
evaluated with an in vitro RBC induced hemolysis assay. The
blood compatibility of PMBN-ME and PMBN-PTX ME were
evaluated at a 10-130 pL concentration range. As shown in
Figure 6d, increasing the mass concentration of PMBN and
PMBN-PTX-ME up to 70 ug/mL was not significantly different
in hemolysis percentage. The PMBN and PMBN PTX-ME in
160 pg/mL mass concentration have the hemolytic activity of
29.67 and 42.71% respectively. The results of the hemolysis
assay revealed that the effect of PTX was not significant on the
hemolytic activity of PMBN-PTX-ME.

Apoptosis Tests

To determine whether PTX-induce apoptosis, HFF2, MCF-
7 and 4T1 cells were treated with PMBN-PTX-ME, PMBN,
PTX, and the media as a control at 24 hours according to the
manufacturer’s protocol. Figure 7 presents a two-dimensional
contour diagram of apoptosis (Annexin-V) versus necrosis
(PI). As depicted in Figure 7, after 24 hours of incubation
of all cells (HFF2, MCF-7 and 4T1 cells) with PMBN, the
percent of live cells was significantly higher in comparison to
the apoptotic or necrotic cells.

In contrast, the incubation of all cells with blank PTX was
shown that the necrotic or apoptotic death in both MCF-7 and
4T-1 cells were significantly higher in comparison to the HFF-
2 cells (as normal cells). On the other hand, the incubation of
all cells with PMBN-PTX showed that the apoptotic death in
MCEF-7 cells was significantly higher in comparison with both

MCEF-7 Cell line

e ns ns ns ns % «

Cell Viability (%)
Cell Viability (%)

30 0 20 10 s 25
‘Concentration (nM)

HFF-2 Cell line

* * * ns ns ns ek .
10 - 1 - — mm — LT o

Cell Viability (%)
Hemolysis (%)

% “ 20 w s s 123
Concentration (nM)

o2

* * ns *

HFF-2 (as normal cells) and 4T-1 cells. Although two different
forms of cell death (apoptotic and necrotic) appeared in 4T1
following exposure to PMBN-PTX-ME, apoptosis was the
major mechanism of cell death in MCF-7.

Median Lethal Dose (LD50)

The median lethal dose (LD 50) test was performed by an oral
administration of MEs system on mice with the concentrations
ranging from 17.5 to 5000 mg/kg. The maximum safe dose
MEs system in mice was calculated in two groups. Control
group, the saline has been used as an optional treatment;
treatment groups, which were administrated with 17.5, 175,
1750, and 5000 mg/kg of MEs system. None of the mice died
during a week, and after treatment with MEs system. It can be
concluded that the MEs systems were non-toxic.

Discussion

Indeed, one of the scariest words is cancer. Cancer as a main
human health threat is the second leading cause of death
throughout the globe.*” The treatment and diagnosis of cancer
have been considered as a large portion of health spending,
for example in the United States about $87.8 billion was spent
in 2014 for cancer health care.*® Although chemotherapy and
surgery are the main procedures for treating cancer, several
adverse effects, and low efficiency are common challenges
that investigators encounter with.” Due to the problems
mentioned, scientists have made great efforts to provide
systems to mitigate these challenges.

One of the most well-known methods is the use of nano-
formulation for drug delivery, which impressively increases the
efficiency and has actually targeted the treatment of drugs.*
Like other chemical drugs, PTX have several side effects

4-T-1 Cell line

R ns ns ns

m PTX
B PMBN-PTX
& Control

0 0 20 1 s 25 128 0618
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ns ns ns ns = *%

W PMBEN
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Figure 6. The Cell Viabilities of the PTX, PMBN-PTX-ME on MCF-7 Cells (a), HFF-2 cells (b), 4T-1(c) Cells and Percentage of Hemolysis Induced by
PMBN and PMBN-PTX-ME for 4 h Under Different Mass Concentration and 37°C, Conditions (d).
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Figure 7. Live Cell, Apoptotic and Necrotic Populations (%) with PMBN, PTX and PMBN-PTX-ME on HFF-2 (a), 4T-1 (b) and MCF-7 (c) Cells Line

Were Calculated From flow Cytometry Analysis.

such as nausea, vomiting, loss of appetite and neurotoxicity.*
Some of the negative features, such as low solubility,
reduce its effectiveness. To improve its performance, some
modifications have been made and new versions of PTX such
as Abraxane and Taxoprexin that fused PTX to albumin and
fatty acid were introduced.’®*! Other strategies for increasing
the solubility and efficiency of PTX is nanoparticles. Paccal
which is a Cremophor-free formulation and CTI 52010 are
available systems based on nanoparticle drug delivery for
PTX.>?

Some studies confirmed PMBN as an appropriate carrier
for PTX. For example, the EGF-PMBN-PTX system has a
significant anti-tumor activity.® In addition, PMBN-IL2-PTX
suppressed proliferation of cell lines with high-affinity IL-2
receptors.®

In this study, the MEs system based PMBN was successfully
synthesized and characterized for PTX delivery. The
biocompatible O/W ME system was prepared based on
triacetin, Tween 80 (surfactant) and glycerol (co-surfactant)
as oil phase. Tween 80 was selected as a surfactant due to

its low toxicity, biocompatibility, and high HLB value, so, it
is suitable for making O/W type of microemulsion.’*** In
addition, glycerol was selected as co-surfactant because of its
ability to create a large isotropic region.*® Since ME surfactant
molecules can intercalate with the co-surfactant molecules
at the oil-water interface, so they can change the curvature
of the droplet. Therefore, in ME composition, surfactant and
co-surfactant type, as well as their concentrations are critical
parameters. In a previous study, many important factors, such
as the concentration of surfactant, co-surfactant, amount of
triacetin, organic phase addition speed etc. were optimized
to reach a perfect drug delivery system.'® Now, with optimal
conditions, the MEs system based on PMBN were studied as
drug carrier.

In order to find the best formulation of O/W ME,
different compositions of water, surfactant: co-surfactant
were prepared (Table 1). The transparency appearance of
microemulsions improved by increasing the Tween 80 ratio
in each formulation.**’

First, the average size, PDI, particle morphology, and
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{-potential of MEs system was characterized. The results
revealed that the MEs system has a homogenous size
and small globular morphology with spherical ball shapes.
In detail, MEs particles exhibited a globular shape and
homogeneous spherical morphology, which corroborated by
data DLS analysis (Table 2). The DLS results showed that the
average size of MEs system was under 100 nm, which displays
unique properties such as large specific surface areas, long
circulation blood, and high efficiency of cellular uptake.

The surface charge can mainly affect the stability of the
nanoparticles distribution. Surface charge is important in
decisive whether the nanoparticles will cluster in blood
flow or will stick to or interact with oppositely charged cell
membrane. The plasma and blood cells constantly had a
negative charge; NPs with slight negative surface charge
can minimize nonspecific contact with these components
through electrostatic interactions. The PDI value reflects the
nanoparticle stability and uniformity of system; the high PDI
values correspond to wide range of particle sizes, while the
low PDI values imply samples consisting of homogeneous
sized particles.”® Also, { -potential is a scientific term for
average electrostatic potential existing at the hydrodynamic
plane of shear which is normally considered to be 0.2 nm
from the surface. The {-potential also played a major role in
cellular uptake, drug delivery targeting, skin drug delivery
systems, tumor cells targeting, brain targeting, and multi drug
resistance.”

The negative value of (-potential is related to hydroxyl
groups of surfactants and the co-surfactant which contain
oxygen atom with high electronegativity. On the other hand, it
was found that the {-potential of PMBN-PTX ME had higher
negative charge than that of the free-drug-MEs.®

The MEs system structure, PTX and PMBN in the MEs
system and the chemical functional groups were confirmed
by FT-IR. All chemical function groups in the composition
of MEs were demonstrated in FT-IR spectrum. The physical
interactions between the functional groups of PTX or PMBN
with surfactant were observed by reducing or increasing the
absorption peaks as well as shifts in some absorption peaks
position of functional groups. In this study, The FT-IR results
were in accordance to some previous studies.*

The physiochemical aspects of the MEs system including %
transmission, RI, conductivity, pH and in vitro drug release
were characterized. The RI and transmittance% factors
of PMBN-ME was lower than that of PMBN-PTX ME.
Due to the presence of PTX in the MEs system, the RI and
transmittance% of the PMBN-ME was decreased. Thereby,
the electrical conductivity was used to determine the type of
microemulsions.** The conductivity is profoundly sensitive
both to temperature and to composition. The composition of
w/o/w ME systems have embraced, PMBN, tween 80, glycerol,
and water. The w/o/w MEs systems have over 80% water as the
continuous phase caused conductivity property. Meanwhile,
the w/o (water-in-oil) systems having low conductivity.
The pH value of PMBN-PTX ME was lower than PMBN-
ME, which can be clouded because of the presence of acidic
functional groups in the PTX chemical structure.®® According
to the release profile of PTX, the MEs system provided a

sustained PTX release, which is pH sensitive. The polarity of
the system was enhanced by reducing the pH of the buffer
solution that led to improve the drug solubility. Meanwhile the
tumor microenvironment and inside the endosome/lysosome
are acidic (pH =4.5-6.0) whereas the bloodstream is neutral,
the favorable PTX release at acidic medium can decrease the
side effect of nanoparticles to normal cells in vivo.*

According to the MTT, hemolysis and LD, assay, the
designed MEs system is biocompatible, safe and nontoxic.
The MTT test proposed that these PMBN-ME are highly
biocompatible and do not possess a toxic effect, and then, the
PMBN-ME could be applied as a biocompatible carrier for
biomedical applications.

Conclusions

In brief, we synthesized PMBN-ME as a stable, biocompatible,
nontoxic, and promising nano-carrier for PTX delivery. To
achieve the optimal microemulsion structure, the various
amount of MEs compositions were examined (triacetin,
surfactant, co-surfactant, and water). Finally, based on
the MEs transparency appearance and then, particle size
and {-potential, were selected of optimal formulations. It is
believed that PMBN-PTX-ME is an efficient drug delivery
for cancer treatment. Beyond in vitro evaluation, for more
investigations, we need to deep investigate the potential of
using PMBN-ME as a nano-carrier drug delivery in vivo
evaluation.

Authors’ Contributions

MG and SO performed the experiments; analyzed and interpreted the
data. AS conceived and designed the experiments and performed the
experiments. PMF contributed reagents, materials, analysis tools or
data. HKM conceived and designed the experiments.

Conflict of Interest Disclosures
The authors declare no conflicts of interest.

Acknowledgements

This work has been financially supported by the school of Pharmacy,
Zanjan University of Medical Sciences, Zanjan, Iran (Grant No: A-12-
966-8).

References

1. YangY, Zhang YM, Chen Y, Chen JT, Liu Y. Polysaccharide-based
noncovalent assembly for targeted delivery of taxol. Sci Rep.
2016;6:19212. doi:10.1038/srep19212.

2. Singla AK, Garg A, Aggarwal D. Paclitaxel and its formulations.
Int )] Pharm. 2002;235(1-2):179-192. doi:10.1016/s0378-
5173(01)00986-3.

3. Yoshizawa Y, Ogawara K, Kimura T, Higaki K. A novel approach
to overcome multidrug resistance: utilization of P-gp mediated
efflux of paclitaxel to attack neighboring vascular endothelial
cells in tumors. Eur ] Pharm Sci. 2014;62:274-280. doi:10.1016/j.
€jps.2014.06.009.

4. Weiszhar Z, Czicz ), Révész C, Rosivall L, Szebeni ], Rozsnyay
Z. Complement activation by polyethoxylated pharmaceutical
surfactants: Cremophor-EL, Tween-80 and Tween-20. Eur ] Pharm
Sci. 2012;45(4):492-498. doi:10.1016/j.ejps.2011.09.016.

5. Park JK, Kim TH, Nam JP, et al. Bile acid conjugated chitosan
oligosaccharide nanoparticles for paclitaxel carrier. Macromol
Res. 2014;22(3):310-317. doi:10.1007/s13233-014-2034-9.

6. LvPP,WeiW, Yue H, Yang TY, Wang LY, Ma GH. Porous quaternized
chitosan  nanoparticles containing paclitaxel nanocrystals
improved therapeutic efficacy in non-small-cell lung cancer after
oral administration. Biomacromolecules. 2011;12(12):4230-4239.

60 | JAppl Biotechnol Rep, Volume 8, Issue 1, 2021

http://www.biotechrep.ir


http://www.biotechrep.ir
https://doi.org/10.1038/srep19212
https://doi.org/10.1016/s0378-5173(01)00986-3
https://doi.org/10.1016/s0378-5173(01)00986-3
https://doi.org/10.1016/j.ejps.2014.06.009
https://doi.org/10.1016/j.ejps.2014.06.009
https://doi.org/10.1016/j.ejps.2011.09.016
https://doi.org/10.1007/s13233-014-2034-9

In-vitro evaluation of Microemulsion-Based PMBN biocompatibility

20.

21.

22.

23.

24.

25.

doi:10.1021/bm2010774.

Campos FC, Victorino V), Martins-Pinge MC, Cecchini AL, Panis
C, Cecchini R. Systemic toxicity induced by paclitaxel in vivo
is associated with the solvent cremophor EL through oxidative
stress-driven mechanisms. Food Chem Toxicol. 2014;68:78-86.
doi:10.1016/j.fct.2014.03.013.

Ma P, Mumper RJ. Paclitaxel nano-delivery systems:
a comprehensive review. ] Nanomed Nanotechnol.
2013;4(2):1000164. doi:10.4172/2157-7439.1000164.

Akamatsu K, lkeuchi Y, Nakao A, Nakao S. Size-controlled and
monodisperse enzyme-encapsulated chitosan microspheres
developed by the SPG membrane emulsification technique.
] Colloid Interface Sci. 2012;371(1):46-51. doi:10.1016/].
jcis.2011.12.078.

ChenY, CaoJ, Zhu H, et al. Synthesis and evaluation of methionine
and folate co-decorated chitosan self-assembly polymeric micelles
as a potential hydrophobic drug-delivery system. Chin Sci Bull.
2013;58(19):2379-2386. doi:10.1007/s11434-013-5733-2.
Alexis F, Pridgen EM, Langer R, Farokhzad OC. Nanoparticle
technologies for cancer therapy. Handb Exp Pharmacol.
2010(197):55-86. doi:10.1007/978-3-642-00477-3_2.

Wang J, Sui M, Fan W. Nanoparticles for tumor targeted therapies
and their pharmacokinetics. Curr Drug Metab. 2010;11(2):129-
141. doi:10.2174/138920010791110827.

Haley B, Frenkel E. Nanoparticles for drug delivery in cancer
treatment.  Urol  Oncol. 2008;26(1):57-64. doi:10.1016/j.
urolonc.2007.03.015.

Suri SS, Fenniri H, Singh B. Nanotechnology-based drug delivery
systems. ] Occup Med Toxicol. 2007;2(1):16. doi:10.1186/1745-
6673-2-16.

Jain RK, Stylianopoulos T. Delivering nanomedicine to solid
tumors. Nat Rev Clin Oncol. 2010;7(11):653-664. doi:10.1038/
nrclinonc.2010.139.

Gharbavi M, Kheiri-Manjili H, Amani J, Sharafi A, Danafar H. In
vivo and in vitro biocompatibility study of novel microemulsion
hybridized with bovine serum albumin as nanocarrier for drug
delivery. Heliyon. 2019;5(6):e01858. doi:10.1016/j.heliyon.2019.
e01858.

Gharbavi M, Amani J, Kheiri-Manjili H, Danafar H, Sharafi A.
Niosome: a promising nanocarrier for natural drug delivery through
blood-brain barrier. Adv Pharmacol Sci. 2018;2018:6847971.
doi:10.1155/2018/6847971.

Fujiwara N, Yumoto H, Miyamoto K, et al. 2-Methacryloyloxyethyl
phosphorylcholine (MPC)-polymer suppresses an increase of oral
bacteria: a single-blind, crossover clinical trial. Clin Oral Investig.
2019;23(2):739-746. doi:10.1007/s00784-018-2490-2.

Akkahat P, Kiatkamjornwong S, Yusa S, Hoven VP, Iwasaki Y.
Development of a novel antifouling platform for biosensing probe
immobilization from methacryloyloxyethyl phosphorylcholine-
containing copolymer brushes. Langmuir. 2012;28(13):5872-
5881. doi:10.1021/1a204229¢t.

Buback M, Junkers T. Termination Kinetics of tert-Butyl
Methacrylate and of n-Butyl Methacrylate Free-Radical Bulk
Homopolymerizations. Macromol Chem Phys. 2006;207(18):1640-
1650. doi:10.1002/macp.200600254.

Cannon JB, Shi Y, Gupta P. Emulsions, microemulsions, and
lipid-based drug delivery systems for drug solubilization and
delivery—Part I: parenteral applications. In: Water-Insoluble Drug
Formulation. CRC Press; 2018. p. 211-245.

Cheng MB, Wang JC, Li YH, et al. Characterization of water-in-
oil microemulsion for oral delivery of earthworm fibrinolytic
enzyme. ] Control Release. 2008;129(1):41-48. doi:10.1016/j.
jeconrel.2008.03.018.

Ali J, Akhtar N, Sultana Y, Baboota S, Ahuja A. Antipsoriatic
microemulsion gel formulations for topical drug delivery of babchi
oil (Psoralea corylifolia). Methods Find Exp Clin Pharmacol.
2008;30(4):277-285. doi:10.1358/mf.2008.30.4.1185802.

Hegde RR, Verma A, Ghosh A. Microemulsion: new insights
into the ocular drug delivery. ISRN Pharm. 2013;2013:826798.
doi:10.1155/2013/826798.

Mulla JAS, Mabrouk M, Choonara YE, et al. Development of
respirable  rifampicin-loaded nano-lipomer composites by

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

microemulsion-spray drying for pulmonary delivery. ] Drug Deliv
Sci Technol. 2017;41:13-19. doi:10.1016/j.jddst.2017.06.017.
Zhao P, Wang H, Yu M, et al. Paclitaxel loaded folic acid targeted
nanoparticles of mixed lipid-shell and polymer-core: in vitro and
in vivo evaluation. Eur J Pharm Biopharm. 2012;81(2):248-256.
doi:10.1016/j.ejpb.2012.03.004.

Patel ], Kevin G, Patel A, Raval M, Sheth N. Design and development
of a self-nanoemulsifying drug delivery system for telmisartan
for oral drug delivery. Int ] Pharm Investig. 2011;1(2):112-118.
doi:10.4103/2230-973x.82431.

Badawi AA, Nour SA, Sakran WS, El-Mancy SM. Preparation
and evaluation of microemulsion systems containing salicylic
acid. AAPS PharmSciTech. 2009;10(4):1081-1084. doi:10.1208/
s12249-009-9301-7.

Bisht S, Feldmann G, Soni S, et al. Polymeric nanoparticle-
encapsulated curcumin (“nanocurcumin”): a novel strategy
for human cancer therapy. ] Nanobiotechnology. 2007;5:3.
doi:10.1186/1477-3155-5-3.

Piacentini E, Dragosavac M, Giorno L. Pharmaceutical particles
design by membrane emulsification: preparation methods and
applications in drug delivery. Curr Pharm Des. 2017;23(2):302-
318. doi:10.2174/1381612823666161117160940.

Abouelmagd SA, Sun B, Chang AC, KuYJ, Yeo Y. Release kinetics
study of poorly water-soluble drugs from nanoparticles: are we
doing it right? Mol Pharm. 2015;12(3):997-1003. doi:10.1021/
mp500817h.

Chowdhury P, Nagesh PKB, Khan S, et al. Development of
polyvinylpyrrolidone/paclitaxel  self-assemblies  for  breast
cancer. Acta Pharm Sin B. 2018;8(4):602-614. doi:10.1016/].
apsb.2017.10.004.

Huang H, Lai W, Cui M, et al. An evaluation of blood compatibility
of silver nanoparticles. Sci Rep. 2016;6:25518. doi:10.1038/
srep25518.

Chemicals D. OECD Guideline for testing of chemicals. Paris,
France: Organisation for Economic Co-operation and Development
(OECD); 2005.

Moghimipour E, Salimi A, Leis F. Preparation and evaluation of
tretinoin microemulsion based on pseudo-ternary phase diagram.
Adv Pharm Bull. 2012;2(2):141-147. doi:10.5681/apb.2012.022.
Dehghani F, Farhadian N, Golmohammadzadeh S, Biriaee A,
Ebrahimi M, Karimi M. Preparation, characterization and in-vivo
evaluation of microemulsions containing tamoxifen citrate anti-
cancer drug. Eur J Pharm Sci. 2017;96:479-489. doi:10.1016/j.
€jps.2016.09.033.

Motamed Fath P, Yazdian F, Jamjah R, et al. Synthesis and
characterization of PMBN as a biocompatible nanopolymer for
bio-applications. Cell J. 2017;19(2):269-277. doi:10.22074/
cellj.2016.4119.

Kang BK, Chon SK, Kim SH, et al. Controlled release of paclitaxel
from microemulsion containing PLGA and evaluation of anti-
tumor activity in vitro and in vivo. Int ] Pharm. 2004;286(1-2):147-
156. doi:10.1016/j.ijpharm.2004.08.008.

Boonme P, Krauel K, Graf A, Rades T, Junyaprasert VB.
Characterization of microemulsion structures in the pseudoternary
phase diagram of isopropyl palmitate/water/Brij 97:1-butanol.
AAPS PharmSciTech. 2006;7(2):E99-E104. doi:10.1208/pt070245.
Monteagudo E, Géandola Y, Gonzdlez L, Bregni C, Carlucci
AM. Development, characterization, and in vitro evaluation of
tamoxifen microemulsions. J Drug Deliv. 2012;2012:236713.
doi:10.1155/2012/236713.

D’Souza S. A review of in vitro drug release test methods
for nano-sized dosage forms. Advances in Pharmaceutics.
2014;2014:304757. doi:10.1155/2014/304757.

Hasan AS, Socha M, Lamprecht A, et al. Effect of the
microencapsulation of nanoparticles on the reduction of burst
release. Int J Pharm. 2007;344(1-2):53-61. doi:10.1016/j.
ijpharm.2007.05.066.

Piao S, Amaravadi RK. Targeting the lysosome in cancer. Ann N'Y
Acad Sci. 2016;1371(1):45-54. doi:10.1111/nyas.12953.

Li X, Cui R, Liu W, et al. The use of nanoscaled fibers or tubes to
improve biocompatibility and bioactivity of biomedical materials.
J Nanomater. 2013;2013:728130. doi:10.1155/2013/728130.

http://www.biotechrep.ir

J Appl Biotechnol Rep, Volume 8, Issue 1, 2021 | 61


http://www.biotechrep.ir
https://doi.org/10.1021/bm2010774
https://doi.org/10.1016/j.fct.2014.03.013
https://doi.org/10.4172/2157-7439.1000164
https://doi.org/10.1016/j.jcis.2011.12.078
https://doi.org/10.1016/j.jcis.2011.12.078
https://doi.org/10.1007/s11434-013-5733-2
https://doi.org/10.1007/978-3-642-00477-3_2
https://doi.org/10.2174/138920010791110827
https://doi.org/10.1186/1745-6673-2-16
https://doi.org/10.1186/1745-6673-2-16
https://doi.org/10.1038/nrclinonc.2010.139
https://doi.org/10.1038/nrclinonc.2010.139
https://doi.org/10.1016/j.heliyon.2019.e01858
https://doi.org/10.1016/j.heliyon.2019.e01858
https://doi.org/10.1155/2018/6847971
https://doi.org/10.1007/s00784-018-2490-2
https://doi.org/10.1021/la204229t
https://doi.org/10.1002/macp.200600254
https://doi.org/10.1016/j.jconrel.2008.03.018
https://doi.org/10.1016/j.jconrel.2008.03.018
https://doi.org/10.1358/mf.2008.30.4.1185802
https://doi.org/10.1155/2013/826798
https://doi.org/10.1016/j.jddst.2017.06.017
https://doi.org/10.1016/j.ejpb.2012.03.004
https://doi.org/10.4103/2230-973x.82431
https://doi.org/10.1208/s12249-009-9301-7
https://doi.org/10.1208/s12249-009-9301-7
https://doi.org/10.1186/1477-3155-5-3
https://doi.org/10.2174/1381612823666161117160940
https://doi.org/10.1016/j.apsb.2017.10.004
https://doi.org/10.1016/j.apsb.2017.10.004
https://doi.org/10.1038/srep25518
https://doi.org/10.1038/srep25518
https://doi.org/10.5681/apb.2012.022
https://doi.org/10.1016/j.ejps.2016.09.033
https://doi.org/10.1016/j.ejps.2016.09.033
https://doi.org/10.22074/cellj.2016.4119
https://doi.org/10.22074/cellj.2016.4119
https://doi.org/10.1016/j.ijpharm.2004.08.008
https://doi.org/10.1208/pt070245
https://doi.org/10.1155/2012/236713
https://doi.org/10.1155/2014/304757
https://doi.org/10.1111/nyas.12953
https://doi.org/10.1155/2013/728130

Gharbavi et al

45.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer )
Clin. 2018;68(1):7-30. doi:10.3322/caac.21442.

cytotoxicity on the HepG2 cell line. Food Chem. 2014;154:282-
290. doi:10.1016/j.foodchem.2014.01.012.

46. The Costs of Cancer. American Cancer Society Cancer Action 57. Li G, FanY, Li X, et al. In vitro and in vivo evaluation of a simple
Network; 2018. microemulsion formulation for propofol. Int ] Pharm. 2012;425(1-

47. BennettR, Yakkundi A, McKeen HD, et al. RALA-mediated delivery 2):53-61. doi:10.1016/j.ijpharm.2012.01.011.
of FKBPL nucleic acid therapeutics. Nanomedicine (Lond). 58. Masarudin MJ, Cutts SM, Evison BJ, Phillips DR, Pigram PJ.
2015;10(19):2989-3001. doi:10.2217/nnm.15.115. Factors determining the stability, size distribution, and cellular

48. Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. Drugging accumulation of small, monodisperse chitosan nanoparticles as
the undruggable RAS: mission possible? Nat Rev Drug Discov. candidate vectors for anticancer drug delivery: application to the
2014;13(11):828-851. doi:10.1038/nrd4389. passive encapsulation of [(14)C]-doxorubicin. Nanotechnol Sci

49. Pérez-Manga G, Lluch A, Alba E, et al. Gemcitabine in combination Appl. 2015;8:67-80. doi:10.2147/nsa.s91785.
with doxorubicin in advanced breast cancer: final results of a 59. Honary S, Zahir F. Effect of zeta potential on the properties of
phase Il pharmacokinetic trial. ] Clin Oncol. 2000;18(13):2545- nano-drug delivery systems-a review (Part 2). Trop J Pharm Res.
2552. doi:10.1200/jc0.2000.18.13.2545. 2013;12(2):265-273. doi:10.4314/tjpr.v12i2.20.

50. Neesse A, Michl P, Tuveson DA, Ellenrieder V. nab-Paclitaxel: 60. Poluri K, Sistla R, Veerareddy P, Narasu L, Raje A, Hebsiba S.
novel clinical and experimental evidence in pancreatic cancer. Z Formulation, characterization and pharmacokinetic =~ studies
Gastroenterol.2014;52(4):360-366.doi:10.1055/5-0034-1366002. of carvedilol nanoemulsions. Curr Trends Biotechnol Pharm.

51. Koo H, Min KH, Lee SC, et al. Enhanced drug-loading and 2011;5(2):1110-1122.
therapeutic efficacy of hydrotropic oligomer-conjugated glycol 61. XiangL,YiX, WangY, He X. Antiproliferative and anti-inflammatory
chitosan nanoparticles for tumor-targeted paclitaxel delivery. polyhydroxylated spirostanol saponins from Tupistra chinensis. Sci
J  Control Release. 2013;172(3):823-831.  doi:10.1016/j. Rep. 2016;6:31633. doi:10.1038/srep31633.
jeonrel.2013.08.297. 62. YeY], WangY, Lou KY, Chen YZ, Chen R, Gao F. The preparation,

52. Khanna C, Rosenberg M, Vail DM. A review of paclitaxel and characterization, and pharmacokinetic studies of chitosan
novel formulations including those suitable for use in dogs. J Vet nanoparticles loaded with paclitaxel/dimethyl-B-cyclodextrin
Intern Med. 2015;29(4):1006-1012. doi:10.1111/jvim.12596. inclusion complexes. Int ] Nanomedicine. 2015;10:4309-4319.

53. Shimada T, Ueda M, Jinno H, et al. Development of targeted doi:10.2147/ijn.s83508.
therapy with paclitaxel incorporated into EGF-conjugated 63. Pawar V, Thosani R, Kanhed A, Giridhar R, Yadav MR. Potential
nanoparticles. Anticancer Res. 2009;29(4):1009-1014. of piperazinylalkylester prodrugs of 6-methoxy-2-Naphthylacetic

54. Chiba N, Ueda M, Shimada T, et al. Novel immunosuppressant Acid (6-MNA) for percutaneous drug delivery. AAPS PharmSciTech.
agents targeting activated lymphocytes by biocompatible 2015;16(3):518-527. doi:10.1208/s12249-014-0240-6.

MPC polymer conjugated with interleukin-2. Eur Surg Res. 64. Lagués M. Electrical conductivity of microemulsions: a case
2007;39(2):103-110. doi:10.1159/000099598. of stirred percolation. ] Physique Lett. 1979;40(14):331-333.

55. Syed HK, Peh KK. Identification of phases of various oil, surfactant/ doi:10.1051/jphyslet:019790040014033100.
co-surfactants and water system by ternary phase diagram. Acta 65. Lee J, Lee SC, Acharya G, Chang CJ, Park K. Hydrotropic
Pol Pharm. 2014;71(2):301-309. solubilization of paclitaxel: analysis of chemical structures

56. Lin CC, Lin HY, Chi MH, et al. Preparation of curcumin for hydrotropic property. Pharm Res. 2003;20(7):1022-1030.
microemulsions with food-grade soybean oil/lecithin and their doi:10.1023/a:1024458206032.

62 | JAppl Biotechnol Rep, Volume 8, Issue 1, 2021 http://www.biotechrep.ir


http://www.biotechrep.ir
https://doi.org/10.3322/caac.21442
https://doi.org/10.2217/nnm.15.115
https://doi.org/10.1038/nrd4389
https://doi.org/10.1200/jco.2000.18.13.2545
https://doi.org/10.1055/s-0034-1366002
https://doi.org/10.1016/j.jconrel.2013.08.297
https://doi.org/10.1016/j.jconrel.2013.08.297
https://doi.org/10.1111/jvim.12596
https://doi.org/10.1159/000099598
https://doi.org/10.1016/j.foodchem.2014.01.012
https://doi.org/10.1016/j.ijpharm.2012.01.011
https://doi.org/10.2147/nsa.s91785
https://doi.org/10.4314/tjpr.v12i2.20
https://doi.org/10.1038/srep31633
https://doi.org/10.2147/ijn.s83508
https://doi.org/10.1208/s12249-014-0240-6
https://doi.org/10.1051/jphyslet:019790040014033100
https://doi.org/10.1023/a:1024458206032

