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Abstract.

The poorly water-soluble chemotherapeutic agents, paclitaxel (PTX), exhibit

serious clinical side effects upon oral administration due to poor aqueous solubility and a
high degree of toxic effects due to non-specific distribution to healthy tissues. In our efforts,
we formulated biocompatible dietary lipid-based nanostructured lipidic carriers (NLCs) to
enhance the oral bioavailability of PTX for treatment of the liver cancer. A three-factor,
three-level Box-Behnken design was employed for formulation and optimization of PTX-
loaded NLC formulations. PTX-loaded NLC formulation prepared by melt-emulsification in
which glyceryl monostearate (GMS) was used as solid lipid and soybean oil as liquid lipid,
while poloxamer 188 and Tween 80 (1:1) incorporated as a surfactant. In vitro drug release
investigation was executed by dialysis bag approach, which indicated initial burst effect with
>60% drug release within a 4-h time period. Moreover, PTX-NLCs indicated high
entrapment (86.48%) and drug loading efficiency (16.54%). In vitro cytotoxicity study of
PTX-NLCs performed on HepG2 cell line by MTT assay indicated that PTX-NLCs exhibited
comparatively higher cytotoxicity than commercial formulation (Intaxel®). ICs, values of
PTX-NLCs and Intaxel® after 24-h exposure were found to be 4.19 uM and 11.2 uM. In vivo
pharmacokinetic study in Wistar rats also indicated nearly 6.8-fold improvement in AUC and
Chnax of the drug from the PTX-NLCs over the PTX suspension. In a nutshell, the observed
results construed significant enhancement in the biopharmaceutical attributes of PTX-NLCs
as a potential therapy for the management of human liver carcinoma.

KEY WORDS: nanostructured lipid carriers; paclitaxel; Box-Behnken design; optimization; melt-

emulsification technique; human liver carcinoma.
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INTRODUCTION

The worldwide incidence of hepatocellular carcinoma
(HCC) is very high and accounts for the second most leading
cause of death due to liver carcinoma (1). The pathogenesis
of liver carcinoma is considered to be highly complicated
based on its progression, which depends on several factors
such as environment, genetics, and lifestyle. Moreover, a
variety of risk factors and toxicants tends to influence the
occurrence of liver cancer such as aflatoxin, ethanol, sex
steroid, hepatitis B and C virus infection, liver cirrhosis,
unclean water, nitrosamine, and trace elements. Hence,
pathogenesis and progression of liver cancer is considered
to be highly complicated, which makes diagnosis and
treatment of liver cancer become highly challenging in
biomedical research (2).

The oral route of drug administration is the most chosen
and handy route but hydrophobic drugs lack high systemic
exposure because of its poor water solubility. Not only the
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solubility as well as other intrinsic qualities of the drug, the
physiological milieu in the gastrointestinal tract (GIT) which
includes buffer species, pH values, and bile salts, do hamper
the absolute absorption (3,4).

Paclitaxel (PTX) is a semi-synthetic cyclodecane deriva-
tive of taxol, obtained from the Western yew plant Taxus
brevifolia exhibit powerful antineoplastic activity and primar-
ily indicated for the prevention and treatment of diverse
varieties of carcinomas. It interferes with the normal function
of microtubules in the process of cell division through binding
with tubulin, acts as a mitotic poison, and inhibits the
progression of cell division. PTX is the first-line drug of
choice for several types of cancers like breast, ovary, and non-
small cell lung cancer. It has also been highly useful in
modulating the incidence and progression of HCC. However,
PTX drug therapy is challenging in clinical use owing to poor
water solubility, high lipophilicity (log P 3.96) and P-gp efflux,
thus showing slow dissolution rate and poor oral bioavailabil-
ity (<8%), along with non-specific distribution related
toxicity to the healthy tissues (2,5-7).

In this regard, lipidic nanoparticles, especially nanostruc-
tured lipid carriers (NLCs), which are considered as second-
generation solid lipid nanoparticles (SLNs), are highly
popular in drug delivery due to their potential to enhance
the oral bioavailability of hydrophobic drugs. NLCs deliver
the drug without affecting the physicochemical characteristics
of the drugs. These biocompatible lipidic nanoparticles are
made up of a blend of dimensionally dissimilar lipid
molecules in which solid lipid is mixed with liquid lipid to
circumvent the challenges of SLNs. The use of a combination
of solid and liquid lipids accommodates the drugs in
molecular form in their spatial structure or in amorphous
clusters. This allows significantly higher encapsulation of both
hydrophilic and lipophilic therapeutic agents, reduction of the
expulsion of the drug upon storage, and regulation of drug
release profile by altering lipid matrix and significantly
improving stability in different pH of GIT (8-12). NLCs on
account of their hydrophobic nature and particle size in
nanometric range (<200 nm) are extensively explored as oral
drug delivery system for a large number of chemotherapeutic
drugs and showed excellent therapeutic efficacy in the studies
performed in animals. NLCs can facilitate the distribution of
chemotherapeutic drugs and enhances the retention of the
drugs at tumor site through enhanced permeation and
retention (EPR) effect. Furthermore, it was envisaged that
cholesterol-rich NLCs may efficiently accumulate in liver
carcinomas marked with over expression of low-density
lipoprotein (LDL) receptors (3,13-16).

Systematic optimization of nanopharmaceutical products
using quality by design (QbD) principles is a customary
practice nowadays (17,18). This involves application of
suitable experimental designs for optimization of the highly
influential formulation and process parameters (19). Besides,
QbD facilitates a thorough understanding of the system and
helps in reducing developmental cost, time, efforts, and
failures at the end stage of product development life cycle
(20-22). Several literature reports have demonstrated the
application of QbD principles in the development of
nanopharmaceutical formulations (17,18).

Therefore, the endeavor of the contemporary research
was to develop the biocompatible NLCs of PTX using dietary
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lipids for improving the oral bioavailability and anticancer
activity. NLCs were prepared using soybean oil as liquid lipid
and GMS as solid lipid, as well as poloxamer 188 as a
surfactant. Box-Behnken design (BBD) was employed for
systematic optimization of the NLCs and evaluated for
different response variables. The optimized PTX-loaded
NLCs were further screened through in vitro, ex vivo, and
in vivo investigations.

MATERIALS AND METHOD

Materials

PTX was procured from Fresenius Kabi Oncology
Limited, Gurugram, India. Intaxel®, a commercial formula-
tion (Fresenius Kabi Oncology Limited, Gurugram, India) of
PTX containing Cremophor EL/ethanol was procured from
the market. Compritol 888 ATO, GMS, stearic acid, oleic
acid, Gelucire44/44, and Labrafil M 1944 CS were purchased
from Gattefosse, CEDEX, France. Olive oil, soybean oil,
canola oil, Tween 80 and 20, and methyl alcohol (AR grade)
were procured from Merck, India, while Poloxamer 188 was
procured from BASF, Mumbai, India. Human hepatocellular
carcinoma (HepG?2) cell line was procured from the National
Centre for Cell Science (NCCS), Pune, India.

Methods

Screening of Formulation Excipients

An excess amount of PTX was dissolved in 1 mL of
different liquid lipids using 2-mL glass vials to determine the
saturation solubility. The glass vials were tightly closed and kept
on constant stirring using a mechanical water bath shaker
maintained at 37 +2°C for 72 h. The excipient mixtures were
centrifuged at 10,000 rpm for 10 min by the use of a high-speed
centrifuge (Thermo Fisher Scientific, India). The separated
supernatant was further dissolved in acetonitrile to determine
the saturation solubility of the drug using RP-HPLC technique
at 227 nm. For solid lipid, precisely weighed quantity (1 g) of the
solid lipids were taken in the beaker followed by constant
stirring (200 rpm) and heating at just above its melting point by
the use of magnetic stirrer with heating facility (Remi Instru-
ment Ltd., India). In the above completely melted solid lipid,
PTX was dissolved in increases of 1 mg until PTX was fully
dissolved and the quantity of solid lipids needed to dissolve PTX
was determined in triplicate and presented as average value
(mg/g) £ SD (23). Binary lipid phase was selected on account of
good solubility of solid and liquid lipid in the fixed ratio. For this,
selected solid and liquid lipid was intermixed in the ratio ranging
from 90:10 to 10:90 to calculate the equilibrium solubility. Lipid
blends were put on the magnetic stirrer with a hot plate and
stirred continuously at 200 rpm for 1 h at 80 +2°C. The samples
were assessed visually for turbidity and phase separation.
Surfactant concentration was also chosen on the basis of
aqueous titration study. Primary emulsions were prepared by
melting and agitating the lipid mixture using a magnetic stirrer,
where the different ratio of surfactants was added followed by
dropwise addition of double-distilled water. The developed
preparation was analyzed through naked eye for phase clarity
and homogeneity (24).
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Development of PTX-NLCs

PTX-NLCs were developed by melt-emulsification
ultrasonication process as per the reported procedure with
suitable modification (23). Accurately weighed amount of
PTX and solid lipid (GMS) were placed a magnetic stirrer
with heating facility to melt at 70 £2°C to obtain a homoge-
neous mixture and transparent oil phase. The liquid lipid
(soybean oil) and cholesterol were mixed in a separate
beaker with required quantity of ethanol to obtain a clear
solution. In the meantime, 10 mL of the aqueous phase was
separately prepared in a beaker by dispersing surfactant/co-
surfactant (Tween 80 and poloxamer 188 at 1:1 ratio) in
purified water and kept on the hot plate to heat (70 +2°C).
After that, the liquid lipid and aqueous phase was put into the
molten solid lipid phase drop by drop followed by stirring at
70 +£2°C and allowed to stand for 30 min. Finally, the
resultant emulsion was put on Ultrasonicator (Hielscher,
Ultrasound UP-50H, Darmstadt, Germany) to sonicate for
3-5 min to obtain the desired NLCs.

Optimization of PTX-NLCs by BBD

A 3-factor, 3-level containing Box-Behnken design was
used to optimize the PTX-NLCs using Design-Expert®
software ver. 9.0.1 (State-Ease Inc., Minneapolis, USA). The
concentration of lipid (X;), surfactant (X,), and sonication
time (X3), were chosen as the factors or independent
variables at low (—1), medium (0), and high (+1) levels,
respectively. A total of 17 experimental trials were generated
and were evaluated for particle size (Y;), % entrapment
efficiency (Y>), and % drug loading (Y3) as the dependent or
response variables. Table I enlists the design matrix with
experimental trials of NLCs containing different combination
of the factors and obtained values of the responses. Mathe-
matical modeling was carried out using the quadratic
polynomial model to establish the cause-and-effect relation-
ship between the independent and dependent variables.
Finally, the best possible optimum formulation was identified
by mathematical optimization using desirability function and
graphical optimization by overlay plot.

Characterization of the Optimized PTX-NLCs

Particle Size, Polydispersity Index, and Zeta Potential
Analysis. The particle size, polydispersity index (PDI), and
zeta potential of PTX-NLCs were determined after 100-fold
dilution in double-distilled water followed by dynamic light
scattering (DLS) approach employing Malvern Zetasizer
(Malvern Instruments Ltd., Worcestershire, UK).

Determination of Drug Entrapment and Loading
Efficiency. The drug entrapment and loading efficiency of
PTX-NLCs were analyzed using the reported procedure (23).
The PTX-NLCs dispersion was subjected to high-speed centri-
fugation (15,000 rpm for 15 min). Subsequently, the supernatant
fraction was collected and filtered by Millipore VR membrane
(0.2 um), suitably diluted with acetonitrile and analyzed by RP-
HPLC technique at 227 nm to quantify the amount of
unencapsulated drug. The trial was run in triplicate and
outcomes were presented as average value + SD. Consequently,
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the drug entrapment efficiency as well as drug loading capacity
was calculated by the use of Egs. 1 and 2 as follows.

Entrapment efficiency (%w/w) = W x 100% (1)
total
w -W
Drug loading (%w/w) = —2& e 100% )
Wiipia

where, Wi is the sum total of PTX, Wi, is the quantity of
unencapsulated PTX, and Wy;,iq is the total weight of solid
and liquid lipid.

Transmission Electron Microscopy Analysis. The opti-
mized PTX-NLCs were subjected for transmission electron
microscopy (TEM) analysis to find out the surface morphol-
ogy and particle size. The optimized PTX-NLC was diluted
50-folds with double-distilled water and stained negatively by
1% phosphotungstic acid and then dried on the carbon-
coated grid. Finally, it was subjected to observation using
TEM (Morgagni 268D, Fei Electron Optics, Netherlands) at
100 kV.

In vitro Drug Release Study. The in vitro drug release
analysis was executed employing a dialysis bag approach
using 0.25 L of simulated intestinal juice (pH 6.8) maintaining
at 37 £ 0.5°C for 24 h at 100 rpm. The dialysis membrane with
molecular weight cutoff 12 kDa (Merck, India) was used
(25,26). Correctly weighed quantity (1 mL) of the optimized
PTX-NLCs (equivalent to 20 mg of the PTX) was kept in the
dialysis bag and put into the dissolution medium. An aliquot
(2 mL) of the sample was taken at a series of time points (0.5,
1,2,4,6,8, 12, and 24 h), followed by replenishment with an
equal volume of fresh dissolution medium to maintain the
sink conditions. The release of PTX from optimized NLCs
was evaluated in contrast to the PTX suspension release data.
The previously filtered sample (passed through 0.22-um
filtering unit) was subjected for drug content analysis
employing RP-HPLC technique (21). The analysis was
performed in triplicate and outcomes were shown as average
value + SD. Further, the obtained drug release data was
subjected to the evaluation of release kinetic using various
mathematical models (zero-order, first-order, Higuchi and
Korsmeyer-Peppas).

In vitro Cell Line Study.

Cell Culture and Growth Condition

The HepG2 cancer cell line was cultivated in Eagle’s
minimum essential medium (MEM) with 2.0 mM L-gluta-
mine, 1.5 g/L sodium bicarbonate, 100 U/mL penicillin and
100 pg/mL streptomycin, and boosted with 10% (v/v) fetal
bovine serum. Cells were developed at 37°C and 5% CO,
humidified ambience in an incubator (Remi Instruments,
Mumbai, India).

MTT Cell Viability Assay
MTT assay was employed to identify the cell viability of
optimized PTX-NLCs and commercial formulation
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Table 1. Various Independent and Dependent Variables Used in the Box-Behnken Design for Preparation of PTX-loaded NLCs

Factor Units Levels used, actual (coded factor)
Independent variables Low (-1) Medium (0) High (+1)

A =lipid concentration (% wiv) 2 3 4

B =surfactant concentration (% wiv) 1.5 2 2.5

C =sonication time Min 4 6 8
Dependent variables Goal

Y1 = particle size (nm) Minimize

Y, = entrapment efficiency (%) Maximize

Y5 =drug loading (%) Maximize

(Intaxel®) as per the previously reported procedure (27).
About 1 x 10%ells/well of HepG2 were seeded in 100 uL
absolute culture medium in 96-well culture plate and incu-
bated for the whole night in humidified air. The stock of
optimized PTX-NLCs and commercial formulation
(Intaxel®) were made in phosphate buffer saline (PBS) and
diluted into culture medium to the preferred concentrations
(2, 5, 10, and 20 pM) and transferred to the culture wells.
Subsequent to 24 h of the incubation phase, 10 pL of MTT
(5 mg/mL in PBS) was supplemented and re-incubated at
37°C until purple formation of formazan crystals takes place.
The formazan blue crystals were mixed in 100 pL of dimethyl
sulfoxide (DMSO) and analyzed at 540 nm by the use of
microplate ELISA reader (BIORAD 680, USA). The plot of
percentage cell viability against PTX concentrations was
considered to determine the ICsy. The alterations in cellular
morphology were examined using inverted phase contrast
microscopy (Nikon ECLIPSE Ti-S, Nikon Instruments, Co.,
Ltd., China).

Intracellular ROS Assay

The intracellular reactive oxygen species (ROS) produc-
tion was examined by fluorescence microscopic imaging
method as per the earlier protocol (28). The cells (1 x10*
per well) were treated with two different concentrations 2 uM
and 5 uM of optimized PTX-NLC for 12 h. Afterward, the
cells were incubated with dichloro-dihydro-fluorescein
diacetate (10 mM) at 37°C for 30 min and cleansed with
PBS. Intracellular fluorescence intensity of cells was observed
with an inverted fluorescent microscope (Nikon ECLIPSE Ti-
S, Nikon Instruments, Co., Ltd., China). In fluorometric
examination, the cells (1x10* per well) were seeded and
exposed with optimized PTX-NLC in 96-well (8 x 12 matrix)
black bottom culture plate. Fluorescence intensity was
recorded with multiwell microplate photometers (Synergy
H1 Hybrid Multi-Mode Reader, BioTek, Mumbai, India) at
an excitation wavelength of 485 nm and an emission
wavelength of 528 nm. Results were presented as percentage
of fluorescence intensity compared to the control wells.

Cellular Apoptosis Study

Fluorescent nuclear dye DAPI was utilized to investigate
the apoptotic potential of optimized PTX-NLC as per earlier
procedure (28). HepG2 cells (1 x 10° cells per well) were seeded
in 24-well culture plate for the night and exposed with optimized
PTX-NLC for 24 h. After the incubation phase, cells were
cleansed and placed in 4% p-formaldehyde for 15 min. Then,

permeabilization was done with permeabilizing buffer (3% p-
formaldehyde and 0.5% Triton X-100) for 10 min. Subsequent
to staining with DAPI dye (50 pg/mL), photographs of
condensed nuclei facing apoptosis were taken with the help of
an inverted fluorescent microscope (Nikon ECLIPSE Ti-S,
Nikon Instruments, Co., Ltd., China). Apoptosis was semi-
quantified by morphological alterations of nuclei employing
approximately 500 cells/well denoting one sample.

Animal Study. All the animal experimental protocol was
executed successfully as per prior approval by the Animal
Ethics Committee of Integral University, Lucknow, U.P,
India. Albino Wistar rats (200-250 g each) were chosen and
acclimatized separately in a suitable cages with adequate food
(ad libitum) and water.

Ex Vivo Intestinal Permeation Assessment

The ex vivo intestinal permeation examination was per-
formed to compare optimized PTX-NLCs with the PTX-
suspension as per the previously reported procedure (29). The
animals were subjected to overnight fasting and sacrificed by
cervical dislocation. The intestine was obtained by surgical
removal followed by flushing with saline and jejunum portion
was harvested. The PTX (5 mg) suspension was prepared using
0.2% wlv carboxy-methylcellulose in 5-mL water and then 2 mL
of sample was put into the mucosal side and firmly tied both the
ends of the intestinal sac. The sac filled with PTX suspension was
dipped in a jacketed glass fabrication accommodated with
100 mL of Kreb’s ringer solution pre-warmed at 37 +2°C by
an outer water jacketed tube. Then, 2 mL of sample was taken at
different time hiatuses from serosal medium and refilled with
freshly prepared Kreb’s ringer solution. The withdrawn samples
were passed through a 0.22-um membrane filter and drug
content was quantified through HPLC. A similar procedure was
used for evaluating the permeability of optimized PTX-NLCs.
The investigation was done in triplicate and outcomes were
shown as mean value + SD. The apparent permeability
coefficient (P,p,) of PTX suspension and optimized PTX-
NLCs was determined by the use of Eq. 3.

Papp = cm/s (3)

AXCO

where F is the membrane permeation flux, A is the barrier
membrane surface area, and C is the preliminary concentra-
tion of the drug in the mucosal medium. Membrane
permeation flux (F) was determined by drawing the slope of
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the linear portion of the graph between cumulative amount of
drug permeated (ng) from the intestinal sac against time
(min).

In Vivo Pharmacokinetic Study

A unit dose paralleled design pharmacokinetic examina-
tion was executed in rats. The rats were randomly divided
into two groups (n=6 in each group) and subjected to
overnight fasting condition with free access to water. PTX
suspension and optimized PTX-NLCs containing PTX equiv-
alent to animal dose were administered orally to the animals
using a cannula. Samples (~0.5 mL blood) were collected
from the retro-orbital plexus from time to time in heparinized
micro-centrifuge tubes. Plasma was centrifuged at 10,000 rpm
for 10 min and the PTX was separated by the use of
acetonitrile as an extracting solvent. All the samples were
passed through 0.22-pym membrane filter and subjected for
drug content analysis by the use of previously reported and
validated bioanalytical RP-HPLC technique (29). Pharmaco-
kinetic modeling and data analysis were performed using
Win-Nonlin software version 5.0 (M/s Pharsight, CA, USA).
One-compartment open body model with zero lag time using
modified Wagner-Nelson method was used for computing
various pharmacokinetic parameters.

Statistical Analysis. All the obtained data in different
studies were articulated as mean+SD and statistically
evaluated by one-way analysis of variance (ANOVA)
followed by Tukey’s test at 5% level of statistical significance.

RESULTS AND DISCUSSION

Screening of Excipients

As indicated by the results of solubility studies in
different liquid lipids (Fig. la), PTX showed maximum
solubility in soybean oil (78.42+7.78 mg/mL), whereas
screening of different solid lipids (Fig. 1b) showed maximum
solubility in GMS (67.76 + 6.52 mg/g). Thus, soybean oil and
GMS were chosen as liquid and solid lipids, respectively.
Using the selected lipids in the ratio 7:3 w/w, the aqueous

100

Solubility (mg/mL)

Liquid lipids
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titrations were performed for screening of surfactant. The
visual observation for turbidity and phase separation was
taken as the end point. On the basis of phase clarity and
stability of primary emulsion formed by aqueous titration,
polysorbate 80 and poloxamer 188 in the ratio of 1:1 was
selected as the surfactant for the development of NLCs (30).

Preparation and Optimization of PTX-loaded NLC

The optimization data analysis was performed by multi-
ple linear regression analysis, where the experimental data
are fitted to the second-order (quadratic) mathematical
model with interaction terms, as shown in Eq. 4. Based on
the selected model, the recorded values of the responses were
subjected for comparison with predicted values, as enlisted in
Table II. The selected mathematical model, which indicated
goodness of fit of the experimental data, as is evident from
Table III indicating quadratic model fitness and statistical
parameters for all the studied response variables.

Y =By + B X1+ B X+ B3 X5 + By X1 X2 + Bs X1X5

+ B X2 X3+ By X107 + By Xo” + Po X 57 (4)

where Y is the response related to every factor level
amalgamation; f3, is the intercept; 5, to ffy are the coefficients
of different model terms; X, X5, and X3 are the linear model
terms; XX, X»X3, and X;.X; are the linear interaction terms;
while X;2, X>2, and X35> are the quadratic model terms.

The consequences of regression analysis indicated that
the quadratic nature of the relationship between the factors is
best suitable. The studied independent variable viz. the
concentration of total lipids (GMS and soybean oil) have a
positive effect on the response Y, (particle size), Y, (entrap-
ment efficiency), and Y3 (drug loading). The concentration of
surfactants (poloxamer 188) exhibited positive effect on
response Y, (entrapment efficiency) and Y3 (drug loading)
whereas the concentration of surfactant also revealed an
inverse effect on response Y7 (particle size). On the other
hand, sonication time revealed an inverse effect on all the
responses, i.e., Y (particle size), Y, (entrapment efficiency),
and Y3 (drug loading).

Solubility (mg/g)
e e L7
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Solid lipids

Fig. 1. Solubility of PTX in different a liquid lipids and b solid lipids; data expressed as mean = 1 SD (n = 3)
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Effect of Independent Variables on Particle Size (Y;)

The polynomial equation indicating the relationship
among the factors on particle size (Y7) is given in Eq. 5 as
follows:

Y, = 154.64 + 28.04X,-21.23X,-15.15X3 + 3.01X, X,
—-0.65X1X3-2.70X,X5 + 4.95X % 4+ 9.99X,2 + 8.69X3>

(5)

As per the above polynomial equation, the concentra-
tion of total lipids (A) was found to be directly dependent on
particles size (Y;). Figure 2a illustrates the 3D-response
surface plot for particle size indicating the relationship
among the factors. Small particle size is desired for efficient
oral delivery of NLCs. It was noticed that particle size of
PTX-NLCs increases with the increment made in the
concentration of total lipid (GMS and soybean oil). Increase
in surfactant concentration (B) and sonication time (C),
however, resulted in a decrease in the particle size. This drop
in size at higher concentration of surface-active agent may be
attributed to the reduced interfacial tension between two
phases (aqueous and lipid phases), which causes the produc-
tion of emulsion droplets of smaller size (31). Higher
concentration of surfactants efficiently stabilizes the nano-
particles by developing a steric barrier on the surface of
nanoparticles and thereby prevents aggregation of nanopar-
ticles. Another probable elucidation for such reduction in the
particle size (Y;) may happen from the duration of sonica-
tion time (C), involved in the last stage of development of
NLCs (32-34).
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Effect of Independent Variables on Entrapment Efficiency (Y>)

The polynomial equation indicating the relationship
among the factors on entrapment efficiency (Y>) is given in
Eq. 6 as follows:

Y, =85.56 + 8.98X,-3.62X,-6.07X3 + 042X X,

6
+0.38X1 X3-0.29X,X3-2.79X 2 + 0.64X,>-2.74X 3> (©)

As per the above polynomial equation, the concentration
of total lipids (A) was directly dependent on entrapment
efficiency. Figure 2b illustrates the 3D-response surface plot
for entrapment efficiency indicating the relationship among
the factors. Higher entrapment efficiency is desirable for
NLGCs to retain the maximum amount of drug in it. From the
response graph, it was revealed that increasing the amount of
lipid (GMS and soybean oil) from 2 to 4% resulted in a
gradual increment in entrapment efficiency. This may be due
to the hydrophobic nature of GMS and soybean oil that
increased the encapsulation of drug in the lipid as the higher
concentration of lipid is available to encapsulate the drug.
Increment in the final concentration of surfactant (B) and
sonication time (C) leads the reduced entrapment efficiency
of NLCs. Greater concentration of surfactant in the contin-
uous phase may enhance the partition of the drug from
dispersed to the continuous phase of the medium. Enhance-
ment in the partition of the drug can be attributed to the
enhanced solubilization of the drug in the continuous aqueous
phase which facilitates easy dispersion in the lipid matrix. On
the contrary, increase in sonication time leads reduced

Table II. Observed Box-Behnken Experimental Runs of PTX-Loaded NLCs with Their Actual and Predicted Experimental Value of Y;
(Particle Size), Y, (Entrapment Efficiency), and Y3 (Drug Loading)

Runs Independent variables Dependent variables
A B C Y: (Mean) + SD Y, (Mean) = SD Y; (Mean) = SD
Actual Predicted Actual Predicted Actual Predicted

NLC1 3 2 6 15532 +8.72 154.67 85.74 +4.54 85.56 16.42+2.42 16.41
NLC2 3 2 6 154.84 +7.66 154.67 85.48 +4.47 85.56 16.36 +3.28 16.41
NLC3 3 2 6 153.82+5.58 154.67 86.48 + 6.46 85.56 16.54 £2.92 16.41
NLC4 3 2 6 154.24 +7.64 154.67 85.16 £5.88 85.56 16.38 £3.36 16.41
NLCS5 2 2.5 6 115.63 +5.28 115.33 70.27 £4.62 70.40 10.05 +3.48 10.05
NLC6 3 2.5 4 167.71 £5.67 167.97 86.59 +4.14 86.19 15.77 £3.56 15.79
NLC7 4 2 4 209.98 £ 8.96 210.15 94.25+5.12 94.70 21.15+3.36 21.16
NLCS8 4 2.5 6 181.86+9.94 181.43 89.24 +£5.74 89.18 16.48 £3.72 16.45
NLC9 4 2 8 182.59+7.74 182.55 83.59£4.76 83.32 16.16 +2.68 16.18
NLC10 2 1.5 6 167.38 +7.78 167.81 78.42+3.82 78.48 11.12 +3.66 11.15
NLC11 3 1.5 8 184.39 +7.58 184.13 80.91 £ 6.82 81.31 14.44 £3.82 14.42
NLC12 3 2 6 155.12 +5.54 154.67 84.96 +5.77 85.56 16.34 +2.96 16.41
NLC13 3 1.5 4 205.49 £5.96 205.02 93.19 +4.56 92.87 17.75 +3.54 17.74
NLC14 4 1.5 6 213.56 £9.34 213.86 95.73 +3.94 95.60 20.58 +4.72 20.58
NLC15 3 2.5 8 135.81 +6.36 136.28 73.15+6.88 73.48 11.15+3.78 11.16
NLC16 2 2 4 152.73 +7.68 152.77 77.24 +£5.78 77.51 12.26 +4.84 12.24
NLC17 2 2 8 127.94 + 6.62 127.77 65.06 +6.25 64.61 9.28 +3.56 9.27

A lipid concentration (% w/v); B surfactant concentration (% w/v); C sonication time (min); Y; particle size (nm); Y, entrapment efficiency

(%); Y5 drug loading (%)
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Table III. Summary of Regression Analysis for Responses Y;
(Particle Size in nm), Y, (Entrapment Efficiency in %), and Y3
(Drug Loading in %) for Fitting Data to Different Models

Model R? Adjusted R*> Predicted R*> SD % CV
Response (Y7)
Linear 0.8564 0.8938 0.8678 1377 -
2F1 0.8359  0.8790 0.8127 986 -
Quadratic  0.9998  0.9995 0.9983 428 038
Response (Y>)
Linear 0.9246  0.9201 0.8882 1134 -
2F1 0.9027 0.8984 0.7739 772 -
Quadratic  0.9977 0.9948 0.9821 348 0.72
Response (Y3)
Linear 0.2726  0.9043 0.8761 297 -
2F1 0.3384  0.9079 0.8657 248 -
Quadratic  0.9998  0.9996 0.9995 0.86 042

Y; particle size (nm); Y, entrapment efficiency (%); Y3 drug loading
(%); R’ coefficient of correlation; SD standard deviation; CV
coefficient of variation

entrapment efficiency because the decrease in particle size
results in poor entrapment of drug (32-34).

Effect of Independent Variables on Drug Loading (Y3)

The polynomial equation indicating the relationship
among the factors for drug loading (Y3) is given in Eq. 7 as
follows:

Y3 =16.41+3.964-1.308—1.99C—-0.75AB—-0.50AC

(7)
—-0.33BC—0.964%-0.89B%-0.74C?

As per the above polynomial equation, the concentration
of total lipids (A) was directly dependent on drug loading.
Figure 2c illustrates the 3D-response surface plot indicating
the effect of studied factors on the response drug loading.
Higher drug loading is desirable for NLCs so that the
maximum amount of drug can be stacked, and a higher
amount can reach the target site. In our study, it was noticed
that the increase in total lipid concentration (A) causes an
increase in drug loading (Y3). Increase in the lipid concen-
tration also reduces the efflux of drug from the lipid matrix to
the external phase (35). An enhancement in drug loading was
seen with the increment in the quantity of liquid lipid.
Surfactant concentration (B) and sonication time (C) showed
a contrary effect on drug loading. Our results are in
consonance with earlier findings (33,36). Such an effect of
independent variables on drug loading (Y3) is represented in
a three-dimensional (3D) response surface plot.

Selection of Optimum PTX-loaded NLC

The optimized PTX-NLCs was chosen based on the
criterion of acquiring the highest value of entrapment efficiency
and drug loading while reducing the particle size by mathemat-
ical optimization technique of Design Expert® software. Upon
“trading off” different response variables using numerical
desirability function, the formulation with total lipid (3%),
surfactant (2%), and sonication (6 min) was found to fulfill
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prerequisites of an optimized formulation. The optimized PTX-
NLCs (NLC3) exhibited the particle size of 153.82 +5.58 nm,
entrapment efficiency of 86.48 +6.46%, and drug loading of
16.54 £2.92%, respectively, which was further demarcated in
the optimal design space region depicted in Fig. 3.

Characterization of the Optimized PTX-Loaded NLC

Determination of Particle Size, PDI, and Zeta Potential

The particle size and PDI of the optimized PTX-NLCs
were found to be 153.82 +5.58 nm and 0.221 + 0.026, respec-
tively (Fig. 4a). Zeta potential of the optimized PTX-NLCs
was found to be —22.12£2.48 mV (Fig. 4b). Zeta potential
signifies the stability of the particles in the continuous
medium. Greater value of zeta potential exhibits high
repulsion between the particles and minimizes the chances
of particle aggregation (23). A negative value of the zeta
potential demonstrated that the optimized PTX-NLCs had
attained better stability and dispersion feature.

Entrapment Efficiency and Drug Loading

The recorded entrapment efficiency and drug loading
capacity of optimized PTX-NLCs was 86.48 +6.46% and
16.54 £2.92%. The improvement in entrapment efficiency
and drug loading capacity are possible because of the
distinctive binary lipid matrix of NLCs.

Transmission Electron Microscopy Analysis

The surface morphology and average diameter of
optimized PTX-NLCs were analyzed under TEM. The TEM
photomicrographs illustrated that more or less spherical
surface of the optimized PTX-NLCs with uniform size
distribution (<200 nm) and it validated the particle size
analysis by dynamic light scattering. The obtained results
point out that the particles were evenly distributed and
alienated from each other. The TEM images of optimized
PTX-NLCs are shown in Fig. 4c.

In Vitro Drug Release and Release Kinetics

The % cumulative PTX released from optimized PTX-
NLCs and PTX suspension in simulated intestinal fluid pH 6.8
was represented as a function of time in Fig. 5. The in vitro
release study of the optimized PTX-NLCs exhibited biphasic
performance with initial burst release for 4 h subsequently a
sustained release pattern up to 24 h. The initial burst release
effect was considered as the highest drug release (%) initially
for 4 h (>70%) and after 24 h % cumulative release was
calculated as >90%. The same procedure was followed for
in vitro release study of the free PTX suspension, and after
24 h of the study, 24.65 +4.56% release of PTX was found.
There are numerous factors that may directly influence the
drug release from the NLCs like drug solubility in the lipid,
type of lipid matrix, and its concentration, partition coeffi-
cient, as well as particle size (23).

In order to evaluate the release kinetics of the optimized
PTX-NLCs, the in vitro release data was fitted to different
release kinetic models. The values of correlation coefficients
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Fig. 2. Three-dimensional (3D) response surface plots showing simultaneous influence of independent variables on response parameters: a
particle size, b entrapment efficiency, and ¢ drug loading of PTX-loaded NLC formulated as per Box-Behnken experimental design

(R?) for various kinetic models of optimized PTX-NLCs are
shown in Table IV. The model with the maximum R? value was
regarded as the best-suited model for drug release mechanism.
On the basis of obtained results, the Korsmeyer—Peppas model
was chosen as the best fit model for optimized PTX-NLCs, as it
showed the highest R? value, i.e., 0.948.

In Vitro Cytotoxicity Assay

As shown in Figs. 6a and 7a, the control cells (unexposed to
treatment) experienced no toxicity and remained healthy. The cells
exposed to optimized PTX-NLCs experienced morphological
alterations as revealed by the obtained photomicrograph. Also,
the cells exhibited shrinkage and fragmentation in contrast to the

unexposed cells. The above finding indicated apoptotic nature of
the cells (27). The data obtained on the cytotoxic effect further
indicated that 1 uM of optimized PTX-NLCs decreased the cell
viability to ~ 84.68% (p < 0.05) in comparison to the control. Apart
from this, the cell viability was severely reduced to about 55.34,
2524, 1447, and 11.3% (p <0.05) at concentrations 2, 5, 10, and
20 uM of PTX-NLC, respectively (Fig. 6b), and ICs, of PTX-NLC
on HepG2 cells was found to be 4.19 uM. Furthermore, the
commercial formulation (Intaxel®) reduced the viability of cells to
96.28, 89.4,64.01,45.05, and 26.87% (p < 0.05), at concentrations 1,
2,5,10, and 20 uM, respectively (Fig. 7)b. Besides, ICs of Intaxel®
on HepG2 cells was found to be 11.2 pM. The present results
suggested that treatment of PTX-NLC significantly (p <0.001)
minimizes the cell viability in a dose-dependent manner.
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Intracellular ROS Assay

ROS generation plays an important role in the apoptosis
induction of cell death and therefore, dichloro-dihydro-
fluorescein diacetate (DCFHDA) staining was performed to
measure the oxidative stress in HepG2 cells. Figure 8a depicts
data on HepG2 cells exposed to the optimized PTX-NLCs

Size Distribution by Intensity

Intensity (%)

1000

formulation, which exhibited a significant enhancement in
ROS intensity in a dose-dependent manner with respect to
the untreated cells. The quantitative measurement of ROS
expressed from 2-uM concentration of optimized PTX-NLCs
showed 157.29% (p <0.05) improvement in ROS production
in comparison to control. Furthermore, ROS production was
increased by 195.32% (p <0.05) at 5-uM concentration of
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Fig. 4. Images showing a particle size distribution, b zeta potential distribution profiles, and ¢ TEM image of optimized PTX-loaded NLC formulation
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Fig. 5. In vitro release profile of the drug from PTX suspension and optimized PTX-NLC
formulation in simulated intestinal fluid; data expressed as mean + SD (n = 3)

optimized PTX-NLCs in contrast to untreated cells (Fig. 8b).
ROS are more reactive than molecular oxygen due to
activation of signal molecules and destabilization of mito-
chondrial membrane triggering the discharge of apoptotic
agents leads enhanced cytotoxic effect on cancerous cells
(27,28). In our study, the obtained results clearly confirmed
that optimized PTX-NLCs prompted the cells death by
triggering the ROS production.

Further, the effect of optimized PTX-NLCs induced nuclear
condensation was evaluated by fluorescence photomicrograph.
As per the photomicrograph depicted in Fig. 9a, HepG2 cells
exposed to increasing concentrations of optimized PTX-NLCs
prompted the chromatin condensation in contrast to control cells.
The concentrations 2 and 5 pM of optimized PTX-NLCs showed
the highest condensation as seen under an inverted fluorescence
microscope. Moreover, at 2 and 5 uM of optimized PTX-NLCs,
about 23% and 46.6% of apoptotic cells were present (Fig. 9b).
The presence of condensed and fragmented nuclei in the images
revealed that optimized PTX-NLCs triggered the cell death
through apoptosis mechanism in an effective manner.

Ex Vivo Permeation Studies

Ex-vivo gut permeation studies suggested that the NLCs
formulation composed of lipids (GMS and Soybean oil) and
surfactants (poloxamer 188) have better permeation than API
suspension, analyzed at the same time with a similar experimental
protocol. A graph was plotted between the cumulative amount of

Table IV. In Vitro Release Models Fitting in Terms of Linear
Regression Coefficient (R?)

PTX-NLC

Model Equation R?
Zero order M, =M+ kot 0.742
First order In M,=1n My + kqt 0.884
Higuchi matrix model M, = Mo+ kpt'? 0.878
Korsmeyer—Peppas model M/M,, =Kt" 0.948

PTX released (pg) vs. time (min) to get permeation flux (F) from
the linear portion of the graph illustrated in Fig. 10a. Moreover,
the cumulative drug transported (ug/cm?) was plotted against
time as demonstrated in Fig. 10b clearly denoted that higher
quantity of the PTX was transported through the intestinal sac
from the optimized PTX-NLCs in comparison to PTX suspen-
sion. Further, an apparent permeability coefficient (APC; Pypp,)

100
80
60
40
20

% Cell viability

Q N Vv o)
Concentration (UM)

N R

Fig. 6. In vitro cytotoxicity test of PTX-NLC formulation against human
hepatoma HepG2 cells. a Photomicrograph of HepG2 cell line treated
with 1- to 20-uM concentration of HepG2. Photomicrographs were
taken with an inverted phase contrast microscope. Scale bar = 100 pm. b
Dose-response effects of PTX-NLC formulation on cytotoxicity against
HepG2 cell line at different concentrations for 24 h. Values are expressed
as mean = SEM of at least three independent experiments. *p < 0.05 as
compared with their respective control
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Fig. 7. In vitro cytotoxicity test of commercial formulation (Intaxel®)
against human hepatoma HepG2 cells. a Photomicrograph of HepG2 cell
line treated with 1- to 20-uM concentration of HepG2. Photomicrographs
were taken with an inverted-phase contrast microscope. Scale bar = 100 um.
b Dose-response effects of commercial formulation (Intaxel®) on
cytotoxicity against HepG2 cell line at different concentrations for 24 h.
Values are expressed as mean = SEM of at least three independent
experiments.*p < 0.05 as compared with their respective control

for the transport of PTX suspension was compared with that for
optimized PTX-NLCs in ileum as shown in Fig. 10c. The P, for
the optimized PTX-NLCs and PTX-suspension was found to be
4.84x107* and 0.82 x 10~* cm/s respectively. The result indicated
that the cumulative drug transport (pg/em?) and P,,, were
observed in the order optimized PTX-NLCs > PTX suspension.
Optimized PTX-NLCs comprised of lipids and surfactants with
the concurrent cutback in particle size had proved to enhance the
permeability of the PTX from the intestine. Surfactant
(poloxamer 188) which is present in the developed PTX-NLCs
not only offers stability to the preparation but also alleviate
intestinal efflux by the preventing the P-glycoprotein efflux
pumps that are available in the villus tip of enterocytes in the
GIT (29).

In Vivo Pharmacokinetic Study

The proportional pharmacokinetic profiles of optimized
PTX-NLCs and PTX-suspension, after oral administration,
are presented in Fig. 11 and the pharmacokinetic factors are
given in Table V. At all time points, the drug plasma
concentrations in optimized PTX-NLC-treated animals were
significantly higher (p <0.001) than PTX suspension. Cp,,x of
optimized PTX-NLC was found to be 6.8-fold higher
(» <0.001) compared to PTX suspension, respectively. Statis-
tically, the difference in AUCy _, 1, and Cy,.x of the optimized
PTX-NLCs was highly significant (p <0.001) in comparison to
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Fig. 8. Photomicrographs showing intracellular ROS generation in
HepG2 cells induced by PTX-NLC formulation. a Photomicrographs
showing intracellular ROS generation induced at 2 and 5 pM of PTX-
NLC formulation after 12-h incubation. Photomicrographs were taken
with a florescence microscope. Scale bar = 100 pm. b Graph showing
extent of ROS generation with respect to the control. Values are expressed
as the percentage of fluorescence intensity relative to the control. Values
are expressed as mean + SEM of at least three independent experiments,
*p < 0.05 as compared with their respective control

DCF-fluorescence ©

the PTX suspension. The AUC,, _, 1, of optimized PTX-NLCs
was found to be 1852.56+42.56 ng h/mL, which is highly
significant (p <0.05) compared to AUCy_ 1, of PTX
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Fig. 9. Chromatin condensation of HepG2 cells treated with PTX-
NLC formulation after 24 h. a Cells were treated with 2- and 5-uM of
PTX-NLC formulation, Photomicrographs were taken with fluores-
cence microscope that showed fragmented and condensed nuclei as
indicated by arrows. Scale bar = 100 pm. b Numerical data were
expressed as percentage apoptotic cells respective to their control.
Values are expressed as mean = SEM of at least three independent
experiments. *p < 0.05 as compared with their respective control
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Fig. 10. Ex vivo gut permeation study showing a cumulative amount of drug permeated (ug) versus time, b cumulative drug transported
(ng cm™?) versus time, and ¢ P,p, (APC) for PTX suspension and PTX-NLC formulation

suspension (291.025+13.94 ng h/mL). Nearly 6.3-fold im-
provement in AUC, _, 1, was observed from optimized PTX-
NLCs as compared to the PTX suspension. High differences
in Cpax and AUC,_, 1, of a drug from NLCs might be
attributed to enhanced drug absorption by nanosized struc-
ture, lipophilic nature, inhibition of P-gp efflux, etc. Thus, the
results corroborated improved oral drug absorption profile of
PTX when formulated in NLCs.

——-PTX-NLC

200
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CONCLUSION

The PTX-loaded NLCs were of successfully prepared with
the help of systematic optimization approach using melt emulsi-
fication ultrasonication technique. The conclusion made from the
current study, the developed NLCs could be an efficient
nanoparticulate target enabled carrier system for the delivery of
PTX. In the current investigation, we have presented a novel

—— —o—PTX-Suspension
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Fig. 11. Plasma concentration—time profiles of drug in rats after oral administration of
PTX-NLC formulation and PTX suspension; data expressed as mean + SD (n = 6)
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Table V. Pharmacokinetic Parameters of PTX in Optimized PTX-
NLC and Plain PTX Suspension (n =6, mean + SD)

Pharmacokinetic parameters PTX-NLC PTX-suspension
Chax (ng/mL) 295.76 +12.24 43.54 +5.66
AUC _, 24(ng h/mL) 1852.56 + 42.56 291.025 £13.94
AUMC, _, 54(ng h*mL) 721.22 +16.76 112.795 £ 6.74
t15 (h) 1.77 0.56

Ka (h™) 0.039 0.233

approach for the fabrication of lipid-based nanocarrier system and
introduced physico-chemical heterogeneity in the nanocarrier
design while optimizing the nanoparticle formulation approach
to a clinically certified set of nanocarrier. Due to its excellent
nanoscale reservoir structures for better encapsulation of drugs,
greater tumor targetability, and bio-safety. NLC-based prepara-
tions can be utilized as a potential drug delivery carrier for other
hydrophobic chemotherapeutic agents, accelerating the effective
cancer therapy whereas plummeting nonspecific side effects.
Moreover, the in vitro, ex vivo, and in vivo characterization studies
are corroborated a remarkable improvement in the oral biophar-
maceutical performance and anticancer activity of PTX-NLC over
the PTX-suspension and marketed formulation. The research
outcomes from the current studies effectively endorsed the high
degree of suitability of the NLC containing dietary lipids as one of
the versatile systems for enhancing the oral bioavailability of PTX
having low aqueous solubility along with hepatic first-pass
metabolism and restricted intestinal permeability.
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