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Abstract

Background: In current years, researchers have shown their prime interest in developing multifunctional drug delivery
systems, especially against cancers, for effective anticancer outcomes.

Methodology: Raloxifene (RLX) loaded liposomal-graphene nanosheet (GNS) was developed. The novelty of this work was to
enhance the solubilization of RLX and improvement of its bioavailability in the disease area. So, the selection of optimized
formula design of experiment was implemented which produced the desired formula with the particle size of 156.333 nm.
Further, encapsulation efficiency, in vitro release, and thermodynamic stability of optimized formulation were evaluated. The
optimized formulation exhibited prolonged release of RLX for a longer period of 24 h, which can minimize the dose-related
toxicity of the drug. Furthermore, optimized formulation demonstrated remarkable thermodynamic stability in terms of phase
separation, creaming, and cracking.

Results: The cytotoxicity study on the A549 cell line exhibited significant (P <.05) results in favor of optimized formulation than
the free drug. The apoptotic activity was carried out by Annexin V staining and Caspase 3 analysis, which demonstrated
remarkable promising results for optimized liposomal formulation.

Conclusion: From the findings of the study, it can be concluded that the novel optimized liposomal formulation could be
pondered as a novel approach for the treatment of lung cancer.
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different areas of the lungs. Generally, lung cancer is etio-
logically classified into two categories, that is, non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC), in
which NSCLC is the most common. Drug resistivity and non-
selective toxicity in the treatment of cancer is a solemn

Background

One of the major types of malignancy, which causes more than
1.6 million deaths every year, is lung cancer.'* In the case of
lung cancer, current epidemiological studies also reported that
the patient survival rate is below 16%." Including all risk
factors responsible for lung-related decease, smoking alone
causes more than 75% of deaths, in which males are more
affected than females because smoking habits are much
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common in the male population.® Besides smoking, envi-
ronmental pollutants, occupational hazards, radon gas pro-
duced by radium, and asbestos are other serious threat factors
for lung cancer. Asbestos as a carcinogen is responsible for 3%
of deaths.* Lung cancer possesses extremely unpredictable
symptoms due to its heterogeneous nature and emerges in
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obstacle because it reduces the efficacy of anticancer drugs.’
Therefore, a complete understanding of the resistivity
mechanism and solving it is a challenging task for current drug
delivery systems. Thus, drug development desperately re-
quires the involvement of novel drug delivery approaches.

For this purpose, a liposomal delivery system is a choice of
drug delivery carrier approach, which can entrap hydrophilic
and hydrophobic drugs. Other major reasons behind the wide
acceptability of liposomes are biocompatibility and biode-
gradability in body environmental conditions. It efficiently
carries drug into the cancerous cells via enhanced permeability
and retention (EPR) effects.® In addition, liposome is also
recognized as a well stable passive tumor-targeted system.
Therefore in this study, raloxifene (RLX) has been loaded into
liposomes. RLX is a Food and Drug Administration (FDA)
approved second-generation selective estrogen receptor mod-
ulator (SERM)’ used to treat lung cancerous cells. RLX kills the
cancerous cells by causing apoptosis via the modulation of
caspases.® RLX belongs to BCS class II with low solubility and
high permeability, so it only possesses 2% bioavailability. In
this case, liposome increases the solubility of drug molecules
due to the smallest particle size and its amphiphilic nature.
Liposomes also modulate the permeability and release of
drugs.’ Thus, liposome has been a suitable carrier system for the
delivery of RLX in cancerous cells, which improves the bio-
availability of the drug in cancerous cells.

Graphene is build up as hexagonal networks, which contains
sp2 carbon atoms, and the engaged carbon atoms are attached
with the help of strong covalent bonds.'® 3D graphite is also
developing from graphene.'' Recently, graphene is crop up in
the field of nanotechnology and is used as a new tool for cancer
thelrapeutics.12 GNS contains single-, bi-, or some, but not more
than 10, sp2 hybridized sheets of carbon atoms which occur in
the form of six-membered rings. So, the unique structure of GNS
provides flexible mechanical, thermal, and electrical properties
and diverse applicability.'® Because of its unique physical,
chemical, and mechanical properties, graphene oxide (GO) is an
excellent candidate for new biological applications. These at-
tributes include the following: (i) GO has a variety of oxygen-
containing functional groups on its edges and basal planes, such
as carbonyl, hydroxyl, carboxyl, and epoxy, for good water
solubility and easy surface modification; (ii) GO is primarily
composed of carbon atoms, resulting in excellent biocompati-
bility and non-toxicity; (iii) GO has a large delocalized-electron
system, which helps in achieving an excellent formula stability
s0, GO was chosen because of had outstanding properties.'*"°

For the fabrication of an optimized RLX loaded liposomal-
GNS, comprehensive trials are required. Therefore, the design of
the experiment (DoE) approach has been established, and results
occur in the form of statistical design and mathematical equations.
In this way, this system simplifies the optimization procedure to
understand the impressions of various selected factors on the result.

Thus, the present study was designed with the aim of
enhancing the efficacy of the drug against cancerous lung cells
via the increasing bioavailability at the diseased area. Hence, a

novel optimized RLX-loaded liposomal-GNS was developed
using DoE and characterized the formulation in terms of
particle size and encapsulation efficiency. Further, in vitro
release, thermodynamic stability, cytotoxicity, and cell cycle
analysis were also performed.

Methods

Materials

Raloxifene hydrochloride (RLX) was a gift from SPIMACO
pharmaceuticals (Qassim, Saudi Arabia). 1,2-Dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-
glycero-3- phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG2000) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). Cholesterol and MTT re-
agent were purchased from Sigma Aldrich (St Louis, MO).

Methods

Fabrication and Optimization of
RLX-Loaded Liposomal-GNS

Experimental design for optimization of RLX-loaded liposomal-
GNS. The RLX-loaded liposomal-GNS was optimized using
the DoE (Table 1). The concentration of RLX (X1) and
sonication time (X2) were selected as the independent vari-
able, whereas particle size was picked as the response. The
experimental design was produced and evaluated by Stat-
graphics software (Statgraphics Technologies, Inc., Warren-
ton, VA, USA)."”

Preparation of liposomes. Thin-film hydration technique was
used for the fabrication of RLX-loaded liposomes. For this
purpose, 5 mg/mL. DSPE-PEG2000, DPPC, and cholesterol
were dispersed in chloroform in the molar ratio of 12:1:8.
Then, a rotary evaporator (Heidolph, Schwabach, Germany)
was used for the removal of organic at 50°C under high vacuum
till a thin film of lipid appeared, and the developed film was
incubated overnight at room temperature. Further, RLX and
GNS (5 pg/mL) were passively entrapped into liposomes
during the lipid film hydration. For this purpose, RLX was
added to lipid film in different concentrations (Table 1) with
continuous vigorous mixing at 50°C. Thereupon, final dis-
persion was sonicated for various durations as mentioned in
Table 1 using ultraprobe sonicator (Sonics, USA) and then
incubated overnight at 4°C. Ultimately, the liposomes were
dialyzed using dialysis membrane (molecular weight cutoff
12 kDa) against phosphate buffer solution (PBS).'®

Optimization of RLX-loaded liposomal-GNS. From the different
experimental trials, the RLX-loaded liposomal-GNS was
optimized using a numerical method."® All runs were tripled to
assess dispersion. The minimum value for the particle size
(response) was identified as an aim in the DoE software for
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Table I. Independent Variables and Obtained Responses with Codes and Values for the Design of Experiments for the Optimization of RLX-

Loaded Liposomal-GNS.

XI X2 Response |

Run A: RLX (uM) B: ST (min) Particle Size (nm) Observed Particle Size (nm) Fitted
I 1.0 8.0 161.0 156.333
2 5.0 5.0 311.0 307.333
3 5.0 2.0 323.0 325.0
4 3.0 20 253.0 255.333
5 3.0 8.0 211.0 214.0
6 1.0 2.0 198.0 193.667
7 3.0 5.0 245.0 239.667
8 1.0 8.0 171.0 180.0
9 5.0 8.0 278.0 279.667
Factors Levels
Independent variables Low High Optimum

A = RLX I 5 |

B=ST 2 8 8
Dependent variables Goal

R1 = Fitted particle size (nm) 156.333

Note. RLX, Raloxifene; ST, Sonication time.

numerical optimization. The software suggested optimal
equation was further arranged, characterized, and evaluated.

Particle size. The particle size of different trials liposomal
formulation was determined via the dynamic light scattering
(DLS) method using Zetasizer Nano ZS instrument (Malvern
Instruments Ltd, Malvern, Worcestershire, UK) at 25°C. In
this case, the particle size of prepared liposomes was analyzed
by diluting 100-fold in deionized water.”® The results were
expressed as the average of 5 determinations. The parameters
were the following: laser wavelength of 633 nm, scattering
angle of 173, temperature of 25 C, medium viscosity of .8872
cP, and medium refractive index of 1.33.

Evaluation of the Optimized
RLX-Loaded Liposomal-GNS

Encapsulation efficiency. The encapsulation efficiency of the
prepared liposomal formulation was analyzed by lyzing for-
mulation with 10% SDS (w/v). For this purpose, the liposomal
suspension was centrifuged for 15 min at 13,000 r/min. Then
encapsulated RLX in liposomes and GNS were quantified via
UV-Visible spectrophotometer (PROM version 0.000, Shang-
hai Lab Spectrum Instruments Co., Ltd., China) at 287 nm and
300 nm, respectively.'® Then percentage entrapment efficiency
was determined using the following equation®'

Percentage entrapment efficiency
_ Total drug added — Unentrapped drug found
N Total drug added

(M

In vitro release study. In order to determine the release profile
of optimized RLX-loaded liposomal-GNS in comparison to
conventional suspension, 2 mL of prepared liposomal for-
mulation and conventional formulation were kept in the
separate dialysis bag (molecular weight cutoff 12 kDa). Then
tightly sealed dialysis bags were immersed in the 500 mL PBS
(pH 7.4) at 37°C with gentle agitation. At a fixed time interval,
1 mL of sample was collected from the PBS medium, and the
same amount of fresh PBS was added instantly. Thereafter,
collected samples were quantified spectrophotometrically at
287 nm and cumulative percentage drug released was obtained.*>

Analysis of Thermodynamic Stability

In order to obtain the thermodynamic stability of the optimized
RLX-loaded liposomal-GNS, a method reported by Kotta and
associates in 2013 was implemented.”* In this case, various test
conditions (Table 2) were employed, such as centrifugation,
heating—cooling cycle (HCC), and freeze—thaw cycle (FTC)."”

Cytotoxicity

The cytotoxicity efficacy of optimized RLX-loaded liposomal-
GNS was performed on the A549 cell line using MTT assay. For
this experiment, selected cells were grown in 96 well plates at
the density of 5 x 10° cells per well and incubated overnight.
After stabilization, cells were treated with GO, RLX-Raw, and
RLX-GO and incubated for 24 h. Then, previously treated cells
were further treated with 5.0 mg/mL MTT solution (10 pL) and
then incubated for 4 h at 37°C. Additionally, the collected
supernatant was dispersed in 100 mL of DMSO to solubilize the
formazan crystal. Samples were analyzed employing a
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Table 2. Different Thermodynamic Stability Testing Conditions.

Name of Tests

Analytical Condition

Parameters

Centrifugation 30 min, 500 r/min
Heating—cooling cycle

Freeze—thaw cycle

Creaming, cracking, and phase separation

48 h at 4°C and 40°C for 3 cycles
48 h at —20°C and 25°C for 3 cycles

microplate reader at 570 nm. Studies were carried out in
triplicate.”*

Cell Cycle Analysis

To analyze the effects of samples on the cell cycle, the flow
cytometry method was utilized. The cells were treated with
various sample formulations such as GO, RLX-Raw, and RLX-
GO and incubated for 24 h. After completion of incubation, cells
were separated by centrifugation and fixed with 70% cold eth-
anol. Before washing of samples with PBS, samples were again
separated by centrifugation. Separated cells were further stained
with PI and RNAse before starting flow cytometry analysis.'*>

Analysis of Apoptosis by Annexin V Staining

In order to analyze the comparative apoptotic activity of GO,
RLX-Raw, and RLX-GO, the Annexin V method was im-
plemented. For this purpose, selected cells were grown in six
well plates at the density of 1 x 10° cells per well and then
incubated overnight with ICsq concentration of samples for 24 h
at 37°C. Then all samples were centrifuged at 200g for 5 min,
and collected cells were re-suspended in PBS at room tem-
perature after dual washing. Further, 10 uL Annexin Vand 5 pL.
propidium iodide (PI) solution supernatant were dispersed in the
previously prepared samples and incubated at 25°C for 5 min.
Final samples were analyzed using a flow cytometer (FACS
Calibur, BD Bioscience, CA, USA) in triplicate.26’27 Phos-
phatidylserine (PS) translocation or externalization precedes the
loss of membrane integrity that occurs in the final stages of cell
death caused by either apoptotic or necrotic processes. As a
result, Annexin V staining is often employed in conjunction with
a vital dye, such as PI, to identify early and late apoptotic cells.
Viable cells with intact membranes exclude PI, whereas the
membranes of dead and injured cells are permeable to PI. As a
result, healthy cells are both Annexin V and PI negative, whereas
cells in early apoptosis are both Annexin V and PI positive.

Analysis of Caspase 3

The Caspase 3 determination was carried out through the
Caspase 3 Colorimetric Assay Kit (BioVision, Milpitas, CA,
USA). In this case, A549 cells were grown in the density of 3 x
10° cells per well and treated with control, GO, RLX-Raw, and
RLX-GO. Then samples were re-suspended in ice-chilled
lysate buffer and incubated in an ice medium for 10 min
before centrifugation (10 000g for 1 min). The analysis

method for the Caspase 3 assay was carried according to the
instructions of the manufacturer, and the developed color was
determined by a microplate reader at 405 nm.'”-"’

Statistical Analysis

Data of the current study are mentioned as the mean + standard
deviation (SD) after triplicate experimentation. The signifi-
cance of the study was analyzed from Analysis of variance
(ANOVA) followed by Tukey’s post hoc test. The P value <
.05 represented the statistical significance of the data obtained.

Results

Fabrication and Optimization of
RLX-Loaded Liposomal-GNS

Selection of optimized RLX-loaded liposomal formulation using
design of experiment. RLX-loaded liposomal formulation was
fabricated by using RLX and ST as independent variables, and
particle size was selected as a dependent variable for opti-
mization. The software suggested 9 formulations from se-
lected independent variables, and these formulations were
fabricated and characterized against particle size.

The variance analysis data procured for particle size is de-
picted in Table 3. The obtained P value declared the statistical
significance of picked independent variables and their effects on
the particle size of different liposomal formulations. In addition,
the relationship between RLX and ST was also observed to be
significant. Besides, in these independent variables, ST had a
much significant influence over the dependent variable. The value
of R-square was 99.3202%, and the adjusted R was 98.1873%.
Besides, the obtained and fitted data for particle size were in
worthiness acceptance with each other, as shown in Table 3.

Equation (2) expressed the software suggested polynomial
equation for particle size. The effects of every independent
variable over the selected dependent variable (response) can
be recognized by the regression coefficient of the polynomial
equation. The positive sign for the regression coefficient for any
variables proposed a positive effect of a particular variable on
particle size and vice versa. So, the regression coefficient for
RLX was +127.333, proposed the maximum quantity of RLX
increased the particle size of the formulation. Whereas the
negative value (—41.3333) for ST exhibited a negative effect on
particle size, it means maximum ST reduced the particle size of
the formulation. The impact of independent variables on par-
ticle size was hypothesized from the following equation (2)
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Table 3. Analysis of Variance (ANOVA) Data for Particle Size Recorded in Various Suggested Trials During the Design of Experiments for

the Liposomal Formulation.

Source Sum of Squares Degree of Freedom Square of Mean F-ratio P value
A: RLX 24,320.7 | 24,320.7 395.10 .0003
B: ST 2562.67 | 2562.67 41.63 .0076
AA 32,0 | 32.0 .52 .5230
AB 16.0 | 16.0 26 .6453
BB 50.0 | 50.0 8l 4339
Total error 184.667 3 61.5556
Total (corr.) 27,166.0 8
Standardized Pareto Chart for Size
ARLX -
-
« B
w [
ol I
0 4 8 12 16 20
Standardized effect

Figure |. Pareto chart for particle size where RLX represents the concentration of raloxifene and ST represents the duration of sonication

time.
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Figure 2. Main effects plot for particle size.

168.722 + 27.5xA — 0.333333xB
+ 1.0xA* — 0.333333xAxB — 0.555556 x B
()
In Figure 1, the Pareto chart shows the significant effects of
RLX and ST and the collective effect of both independent

Particle size =

variables. From the outcomes, it was established that the
particle size of liposomal formulations was increased with an
increased quantity of RLX and decreased ST. Figure 2 as the
main effect plot endorsed the outcomes of the Pareto chart.
Figure 2 demonstrates the significant positive effect of RLX and
the negative effect of ST on particle size, but in comparison to
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Figure 4. The in vitro release pattern of drug from optimized RLX-loaded liposomal-GNS and RLX-Raw.

RLX, ST exhibited a lower effect on particle size. The contours
plot, as shown in Figure 3, evaluated the response surface. The
contours plot also endorsed the positive impact of RLX and the
negative effect of ST on the particle size of liposomal for-
mulations. Thus, from the comprehensive statistical calculation,
the optimized formula was selected.

Encapsulation Efficiency of
RLX-Loaded Liposomal-GNS

The encapsulation efficiency of the RLX-loaded liposomal-
GNS was analyzed, and it was found to be 54.9 +4.903. In this
case, RLX was encapsulated in the liposomal vesicles, and it
was also due to the maximum ST. This enhanced ST reduced
the particle size and provided the utmost surface area for the
encapsulation RLX. The obtained result of encapsulation

efficiency also supported the previous study of liposomal-
GNS formulation.'®

In Vitro Release Study

The comparative in vitro release profile between RLX-loaded
liposomal-GNS and RLX-Raw was established. Outcomes of
in vitro release study demonstrated sustained release of RLX
from the liposomal formulation. In contrast, quick fast release
of RLX was observed from conventional RLX suspension in
terms of percent cumulative release (Figure 4). Figure 4
demonstrated 20% cumulative release of RLX from liposo-
mal formulation, and simultaneously 93% RLX was released
from conventional suspension within 5 h. During study du-
ration, that is, 24 h- liposomal formulation continuously re-
leased drug in a sustained manner.
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Figure 5. Comparative cytotoxicity of various samples in terms of ICsq. *Significantly different from graphene oxide P < .05, #significantly
different from RLX-Raw P < .05. Data represent mean of (n = 3) independent replicates + SD.
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Figure 6. Effect of various formulations on cell cycle. *Significantly different from control P < .05, #significantly different from graphene oxide

P < .05, ®significantly different from RLX-Raw P < .05.

Analysis of Thermodynamic Stability

The thermodynamic stability study results demonstrated the
optimized RLX-loaded liposomal-GNS was stable in different
mentioned environmental conditions. Thus, the absence of
cracking, creaming, and phase separation was recorded in the
optimized formulation.

Cytotoxicity Study

In order to obtain ICs of different samples, a comparative cyto-
toxicity study was performed, and the result is depicted in Figure 5.
The novel RLX-GO formulation demonstrated the lowest ICs (2.5
+ 1.19 uM) in comparison to GO (10.5 + 2.87 uM) and RLX-Raw
(8.2 £2.97 uM). Thus, the results indicated that when RLX was
encapsulated in novel liposomal GNS, the ICs, of RLX was also
reduced by half. MTT assay is a colorimetric assay for measuring

cell metabolic activity. It is based on the ability of nicotinamide
adenine dinucleotide phosphate (NADPH)-dependent cellular
oxidoreductase enzymes to reduce the tetrazolium dye MTT to its
insoluble formazan, which has a purple color

Cell cycle analysis. The effect of various formulations/samples
such as control, GO, RLX-Raw, and RLX-GO on cell cycle
was determined. Outcomes of the study clearly demonstrated a
significantly higher percentage of cells in the G2-M phase after
treatment with optimized RLX-GO formulation. Whereas,
RLX-GO formulation was unable to produce significant results
in GO-G1, S, and pre-G1 phase (Figure 6).

Outcomes of Annexin V staining. The apoptotic study of various
samples was carried out by using flow cytometry after staining
by Annexin V. Outcomes of apoptosis study demonstrated that
RLX-GO formulation remarkably accelerated early, total, and
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Figure 8. Comparative effects of RLX-loaded on Caspase 3. *Significantly different from control P < .05, #significantly different from
graphene oxide P < .05, significantly different from RLX-Raw P < .05. Data represent mean of (n = 3) independent replicates + SD.

in necrotic cell apoptosis compared to control, GO, and RLX-
Raw (Figure 7). Whereas, maximum late apoptosis was ex-
hibited by RLX-Raw formulation.

Analysis of Caspase 3. The result of Caspase 3 analysis clearly
exhibited that RLX-loaded liposomal GNS significantly in-
creased the Caspase 3 quantity in treated cells as compared to
RLX-Raw (Figure 8). Besides, GO also demonstrated an
increment in the amount of Caspase 3 as compared to the
control group.

Discussion

The optimized formula for the fabrication of RLX-loaded
liposomal GNS was determined by DoE using Statgraphics
software.'” In this model, the R? value of predicted and ad-
justed was in an acceptable relationship certifying the model
validity. Independent variables such as RLX were exerting
positive effects, whereas ST showed negative effects over the
particle size of liposomal formulations. The optimized for-
mula contained 1 mg RLX and 8 min required for the desired
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formulation, which produced a particle size of 156.333 (fit-
ted). Further, RLX was released from the optimized liposomal
formulation at a sustained rate for a prolonged period of time,
that is, 25 h. The initial slow and sustained release of RLX
from optimized formulation could be due to a lessening
membrane fluidity phospholipid bilayer. So, it prevents the
burst release of drug from vesicles. Besides, the smallest
particle size controlled the release rate and improved the
dissolution rate for maximum solubilization of drug mole-
cules. Thus, the optimized liposomal formulation is allowed to
drug release for a prolonged duration in a sustained manner,
and it can also minimize the dose-related toxicities.® Analysis
of thermodynamic stability has endorsed the stability of op-
timized formulation in terms of phase separation, cracking,
and creaming. The data of cytotoxicity study indicated the
highest potency of optimized formulation than free drug
molecules, and it occurred due to the maximum cellular
permeability of liposomal formulation within cells. Besides,
optimized liposomal formulation demonstrated significant
maximum cell fraction in the G2-M phase indicating a pro-
gression of the cytotoxic behavior of RLX via optimized li-
posomal formulation. Furthermore, the higher cells proportion
also indicated apoptotic behavior of optimized liposomal
formulation. The observed enhancement of the anti-
proliferative properties of the prepared RLX—GO formula
was further substantiated by assessing its impact on cell cycle
phases. DNA flow cytometric analysis showed that a sig-
nificant accumulation of A549 cells in the G2-M and pre-G1
phases was caused by RLX. The tremendous apoptotic activity
of optimized liposomal formulation was further testified by
Annexin V staining and Caspase 3 analysis. Annexin V
staining indicated results in early, total, and in necrotic cell
apoptosis persuaded by optimized liposomal formulation
compared to control, GO, and RLX-Raw cell death. Caspase 3
is pondered as a well-established apoptosis marker. During
apoptosis, Caspase 3 acts as the last slayer Caspase, which

Appendix
Notation

TQ Thymoquinone
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