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ABSTRACT
Variable and low oral bioavailability (4-11%) of lumefantrine (LUF),
an anti-malarial agent, is characterized by very low solubility in
aqueous vehicle. Thus, the present study was intended to formu-
late lyophilized nanosuspensions of LUF to resolve its solubility
issues for the improvement of oral bioavailability. A three level 32

factorial design was applied to analyze the influence of independ-
ent variables, concentration of polysorbate 80 (X1) and sonication
time (X2) on the responses for dependent variables, particle size
(Y1) and time to 90% release of LUF (t90) (Y2). Optimized formula-
tion (F3) has shown to possess lowest particle size (95.34nm)
with minimum t90 value (⁓ 3 mins), which was lyophilized to
obtain the dry powder form of the nanosuspension. The charac-
terization parameters confirmed the amorphous form of LUF with
good stability and no chemical interactions of the drug with the
incorporated components. Further, saturation solubility study
revealed increased solubility of the LUF nanosuspension (1670mg/
mL) when compared to the pure drug (212.33mg/mL). Further,
rate of dissolution of LUF from the nanosuspension formulations
were found to be significantly (p< 0.05) higher when compared
to the pure drug. Fabricated lyophilized nanosuspension was
found to be stable at 25±2 �C/60±5% RH and 40±2 �C/75±5%
RH for the duration of three months. In conclusion, lyophilized
nanosuspension showed �8-folds increase in drug release, which
indicated a better way to offer higher release of LUF in control-
ling malaria.
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GRAPHICAL ABSTRACT

SEM images of Lyophilization of LUF nanosuspension formulation

1. Introduction

Malaria is a life-threatening disease caused by Plasmodium parasites, where the
infected carriers, particularly female Anopheles mosquitoes, transmit the infection
from person-to-person [1]. According to the estimation by World Health
Organization (WHO), 228 million cases of malaria infections were made, where the
death penalty was paid by 405,000 numbers of patients in 2018 [2]. This is a common
disease in the developing countries and to prevent it, several measures are taken by
the governing authorities. The control of this disease is possible with proper treat-
ment following prompt diagnosis. Emergence of need for the treatment of the proto-
zoa, there are several strategies available, from chloroquine to artemisinin-based
combination therapies [3,4]. However, quinine categories are found to be unsuccessful
due to the uneven dosage schedule and unsatisfactory bioavailability [5]. Additionally,
combination of artemether and lumefantrine (LUF) are known to provide better con-
trol over the malarial condition [4].

Among the combination of artemether-LUF, the latter is a lipophilic drug, chem-
ically it is tertiary amine and fluorene member. Some of the literature had categorized
this drug under the class II of Biopharmaceutical Classification System (BCS) [6],
where some has categorized under class IV drug [7]. LUF acts as a blood schizonti-
cide, causes inhibition of heme detoxification process, which makes heme toxic and
induce free radicals. Finally, these free radicals lead to death of the parasite [8,9].
Even though it is a very effective compound in the treatment of malaria, its activity
and clinical therapeutic effect are limited due to poor aqueous solubility of LUF. Oral
bioavailability of this drug is only 4–11%, where the variability in oral bioavailability
is due to the influence of concomitant fatty food consumption [10]. The necessary
blood level of the LUF could be achieved for therapeutic efficacy when LUF is admin-
istered with fatty food, thereby bioavailability of the drug can be improved. However,
this fat food dependent increase in oral bioavailability of LUF is illustrated higher
extent of variation in different volunteers [11]. The high log P value of LUF (9.35)
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indicates its’ hydrophobic nature, thus researchers are attempting to improve the bio-
availability of this drug using novel approaches. Many techniques had been reported
in the literature toward increase in solubility and/or bioavailability of LUF, such as
formulating solid dispersion using Kollidon VA 64VR [12], solid-lipid nanoparticles
[13], self-nanoemulsifying ionic complex [14], nanostructured lipid carriers [15],
nano-liposome [16], amorphous solid-dispersion granules [17], etc. Due to lower per-
centage of drug loading, lower stability, high manufacturing cost and increased num-
ber of steps in manufacturing for above cited techniques limit its application in
preparation of viable formulation of the drug at an economic level.

Thus, the present research is attempted to develop nanosuspension of LUF
with the aim to formulate a novel delivery system of LUF to possess improved
solubility and bioavailability in a cost effective manner [18]. However, these
nanosuspension dosage forms are known to possess physical instability due to
agglomeration of the particles of nanometer range [19]. This stability problem of
nanosuspension could be overcome by utilization of an appropriate stabilizer.
The stabilizers, may be nonionic polymers (like polyvinylpyrrolidone (PVPK30),
polyvinyl alcohol (PVA) and hydroxypropyl methylcellulose (HPMC)) or non-
ionic surface-active agents (like Poloxamer 188 and Polysorbate 80) or ionic sur-
face-active agents (like sodium lauryl sulfate (SLS)) [20]. Alternatively, drying of
nanosuspensions can also be employed for stabilization of the nanosized drug
particles. Thus, nanosuspension could be dried either by lyophilization or by
spray drying technique to prolong stabilization of the formulations [21].
Therefore, it is mandatory to consider these factors while fabricating a stable
nanosuspension with uniform particle size without having large differentiation
between their sizes. This may help to avoid different saturation solubility levels
and dissimilar concentration gradients, and will also direct to stop the phenom-
enon of Ostwald ripening [22]. Therefore, the present research work has been
attempted to incorporate soya lecithin for its beneficial role on facilitating lipids-
based drug absorption. Further, freeze-drying was employed for drying of the
nanosuspension formulation followed by stability measurement, in vitro assess-
ment of release profile and antimalarial efficacy.

2. Materials and methods

2.1. Materials

LUF was procured as gift sample from Mangalam drugs and Organics, India. Soya
lecithin (LECIVA S12 NF) was gifted from VAV Life Sciences Limited, Mumbai,
India. PVPK30 was obtained from Anshul Life Sciences, India. HPMC E5 was pur-
chased from Dow Chemicals, Michigan, USA. Poloxamer 188 and Polysorbate 80
were procured from Sigma Aldrich, USA. HPLC grade chloroform was obtained from
Merck, Mumbai, India. Ultra-pure deionized water was prepared from a Millipore
Milli-Q Gradient system, Bedford, USA. All other chemicals and solvents utilized
were of analytical grade.
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2.2. Experimental methods

2.2.1. Selection of solvent for LUF
Selection of suitable solvent system for the preparation of nanosuspension was carried
out by analyzing solubility of LUF in different solvent system. Thus, solubility of LUF
was determined in acetone, chloroform, dichloromethane, dimethylformamide,
methanol, ethanol and dimethyl sulfoxide.

2.2.2. Preparation of LUF: soya lecithin: PVPK30 complex (LSP-C)
From the review of literature, it was established that in presence of fatty food pro-
motes solubility of LUF, and thus bioavailability. Hence, complex formation was car-
ried out with different ratio of the drug, soya lecithin and PVPK30 (1:1:1, 1:2:1, 1:3:1
and 1:4:1, respectively). The composition of different complexes was summarized in
Table 1. Solubility of LUF for each ratio was determined and ratio that showed max-
imum drug solubility was selected to prepare the nanosuspension.

For complex preparation, LUF and PVPK30 was dissolved in chloroform by con-
tinuous stirring for a duration of 15min using magnetic stirrer at 600 RPM. In the
next phase, required quantity of soya lecithin was dissolved in chloroform by con-
tinuous stirring for 15min at 600 RPM using magnetic stirrer. Then, mixture of drug
and PVPK30 was gradually added to the solution of soya lecithin with continuous
stirring at 800 RPM for 15min. Once the clear dispersion was obtained, the organic
solvent (chloroform) was evaporated using rotavapor. Finally, the dried complex was
used to formulate the nanosuspension.

2.2.3. Preparation of LUF nanosuspensions
LUF nanosuspensions were prepared using anti-solvent precipitation and ultrasonica-
tion technique. Solvent phase for nanosuspension preparation was fabricated by dis-
solving LUF-soya lecithin complex (LSP-C) in chloroform. Inclusion of soya lecithin,
the mixture of phospholipids from natural sources, plays important roles toward
improvement of stability of the nanosuspension and simultaneously aids in solubility
improvement of the drug. Therefore, soya lecithin was incorporated in the present
experiment toward improvement of stability of the formulation since it has been
widely incorporated in the complexation process and established as a good dispersant
and surfactant [23]. Additionally, incorporation of soya lecithin could promote strong
enthalpic interaction between the solvent and stabilizer, which in process, induces
steric repulsion and prevent agglomeration of the suspended nanoparticles [24].

On the other hand, the anti-solvent phase was prepared by dissolving HPMC-E5
(1% w/v), Poloxamer 188 (1% w/v) and Polysorbate 80 (0.5% w/v) in Milli-Q water.
Polymeric surfactants (e.g. HPMC, Poloxamer, PVPK30, etc.) are usually employed to

Table 1. Composition of different formulated complexes of lumefantrine.
Complex LUF (mg/g) Soya lecithin (mg/g) PVPK30 (mg/g)

Complex 1 (1:1:1) 333.333mg 333.333mg 333.333mg
Complex 2 (1:2:1) 250.0mg 500.0mg 250.0mg
Complex 3 (1:3:1) 200.0mg 600.0mg 200.0mg
Complex 4 (1:4:1) 166.7mg 666.8mg 166.7mg

LUF: Lumefantrine, PVPK30: polyvinylpyrrolidone.
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stabilize the nanosuspensions. Soluble polymer, such as PVPK-30, is known to exert
dual function in the formulation; firstly, act as a stearic stabilizer by adsorption on
nanoparticles surface; secondly, retards aggregation due to slower Brownian motion
during storage, as well as phase separation-induced aggregation during drying [25].

On the other hand, studies reported in literature suggests that the combination of
surfactant (e.g. Polysorbate 80) and polymers in the nanoformulations offers greater
stability of the final product, which will prevent aggregation by facilitating steric hin-
drance or by the electrostatic repulsive effect, thereby maintains the quality of the
product for longer period [26].

In the next step, the solvent phase containing drug was gradually added to the
anti-solvent phase using syringe drop wise. The mixture of solvent and anti-solvent
phase was homogenized at a speed of 10,000 RPM using high-speed homogenizer
(Ultrataurax, IKA). The temperature of aqueous phase was maintained at 2-8 �C dur-
ing stirring for immediate precipitation to prevent growth of crystals and to get a
uniform size distribution of particles. After complete removal of chloroform,
Dispersion was further sonicated using probe sonicator (Sonics) for 15min at 30%
amplitude at 2-8 �C.

2.2.4. Optimization of nanosuspension formulation
Design of Experiment (DoE) is an element of Quality by Design (QbD) approach and
applied to reduce number for experimental run and to improve finished product
quality. Design ExpertVR 11.0 was used to generate response surface plots and to opti-
mize the formulation. A 32 full factorial design was utilized to optimize the critical
factors in formulation. As per the design, concentration of surfactant (Polysorbate 80)
(X1) and sonication time (X2) were selected as independent variables. While mean
particle size (nm) (Y1) and drug release after 90min (t90) (Y2) were selected as
dependent variables and experimental runs as per the DOE was performed. For all
the responses, polynomial equations were generated which includes linear, interaction
and quadratic terms. Choice of the best fitting model was derived upon several statis-
tical parameter correlations, including adjusted regression coefficient (adj. R2), coeffi-
cient of variation (CV) and regression coefficient (R2). For optimization, equation of
mathematical model linking independent variables and their interactions for different
quantified responses derived for 32 factorial design is:

Y ¼ b0þ b1X1þ b2X2þ b12X1X2þ b11X1
2þ b22X2

2

Where, Y is the value of dependent variable, b0 is overall coefficient, and b1 and
b2 are the coefficient of X1 and X2.

Response surface plots were plotted to establish the relationship between independ-
ent and dependent variables [27].

2.2.5. Lyophilization of LUF nanosuspensions (LP-NS)
Optimized nanosuspension was formulated and was lyophilized to get dry powder
form. 2mL of nanosuspension was filled in clear glass vials and stoppered for freeze-
drying. The batches were pre-freeze at �25 �C prior to sublimation and desorption.
After freezing, sublimation commenced at 15 �C at 200mT pressure for variable time
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periods throughout the process. Finally, secondary drying was performed at 35 �C for
30 h under 50mT vacuum. LP-NS formulations were kept in the properly sealed vials
at room temperature until further use. A 2% w/v mannitol was added to the formula-
tion as a cryoprotectant to prevent agglomeration of nanoparticles and to stabilize the
nanosuspension formulation.

2.2.6. Re-dispersibility of LP-NS
Evaluation for the re-dispersibility of the LP-NS was performed following methods
reported by Mauludin and team [28]. A quantity of 100mg of the lyophilized nano-
suspension was taken in a glass vial and 2mL of water was added into that. Later, the
vial was inverted 3 to 4 times until sediment was uniformly dispersed. After uniform
dispersion, the particle size, PDI, and surface charge of the dispersion were studied
and compared with freshly prepared optimized nanosuspension.

2.2.7. Residual solvent analysis
Presence of chloroform as residual solvent in LP-NS was investigated using gas chro-
matography (GC). The system utilized was an Agilent 7820A with a capillary column
and flame ionization detector. A 75mg of lyophilized sample was dissolved in 4mL
N,N-dimethyl formamide after accurately weighing. A 2mL of the solution was
instilled into the GC system at 3.5mL/min flow rate with nitrogen as carrier gas.
Oven temperature was controlled at 110 �C, injector was set at 200 �C and detector
temperature was set at 250 �C.

2.2.8. Saturation solubility study
Saturation solubility was performed to establish aqueous solubility of pure LUF, LSP-
C and LP-NS. Thus, it was determined in different aqueous buffer medium of pH
1.2, pH 7.4, pH 6.8 and pH 4.5. An excess amount of sample was added in different
medium and shaken using orbital shaker incubator (Heathrow scientific, USA) at
37 �C at 200 rpm for 48 h. The samples were centrifuged (REMI Instruments, India)
at 5,000 rpm for 15min and filtered using 0.22 mm syringe filter. Samples were ana-
lyzed using UV spectrophotometer at kmax of 235 nm.

2.2.9. Analysis of zeta potential, particle size and polydispersity index (PDI)
Zeta potential and average particle size were determined by Malvern ZetaSizer (Nano
ZS90 series UK) functioning based on dynamic light scattering principle [29]. A
100mg of lyophilized sample was re-dispersed in 2mL of Milli-Q water and mixed to
achieve a uniform sample dispersion. A 100 mL of sample was transferred into a test
tube and diluted up to 4mL using Milli-Q water and analyzed immediately at room
temperature. All measurements were made in triplicate.

2.2.10. Differential scanning calorimetry (DSC) study
DSC was performed to evaluate interactions between LUF and incorporated exci-
pients. DSC Q2000 (TA Instruments) was utilized for the study. Each sample was
weighed 3mg (Pure LUF, LSP-C and LP-NS) and was heated in aluminum pans for
10 �C/min from 25 �C to 300 �C.
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2.2.11. X-ray powder diffraction (XRPD) study
XRPD analysis is useful to analyze physical state of the formulation. XRPD diffracto-
grams for the pure LUF, LSP-C and LP-NS were determined using Xpert, Philips,
Holland. Exact quantity of the sample for the analysis was pressed to incorporate into
the sample holder. The X-ray radiation source was a Cu/Ni in the instrument, which
was operated at 40 kV. Other set parameter for the analysis were at 5� to 50� 2h ser-
ies, for a 2�/min scanning rate.

2.2.12. Fourier transform-infrared (FT-IR) spectroscopy study
FT-IR study of the samples was carried out to evaluate any chemical modification in
the drug. FT-IR spectrophotometer (Bruker, Switzerland) utilized to analyze the sam-
ple spectrum at the wavelength range from 4000 to 400 cm�1. Pure LUF, LSP-C and
LP-NS were subjected to FT-IR analysis.

2.2.13. Proton nuclear magnetic resonance (1H NMR) spectroscopy
Proton NMR spectra of LUF and LSP-C was performed using NMR spectrometer
model advance III (Bruker) with 1H resonance frequency of 500MHz. Deuterated
chloroform was used as solvent for the sample preparation in this analysis.

2.2.14. Scanning electron microscopy (SEM)
Surface morphology of LP-NS was evaluated using SEM. SEM analysis of the samples
was performed by using field emission SEM (Quanta 400 F) at 2–20 kV acceleration
voltage. Before scanning, samples were coated with gold-palladium.

2.2.15. Stability study
Wet nanodispersions were collected after ultrasonication. Stability study of wet nano-
dispersion and LP-NS formulations were carried out by keeping sealed vials in a sta-
bility chamber under specific condition. Samples were evaluated for dispersed particle
size over a period of 3months, where sampling was made at 1, 2, and 3months.
Particle size determinations were executed in triplicate.

2.2.16. In vitro dissolution study
In vitro release study of LP-NS, pure LUF and marketed dry syrup containing LUF
was carried out using USP type II (paddle type) dissolution apparatus following dialy-
sis bag method [30]. 0.1N hydrochloric acid (pH 1.2) containing 0.5% (w/v) sodium
dodecyl sulfate (SDS) was used as dissolution medium. 5mL samples were withdrawn
at different time points (10, 15, 30, 45, 60, 90 and 120min) and restored with 5mL
of fresh dissolution medium. The dissolution study was carried out at 50 rpm at
37 �C± 0.5 �C. All samples were analyzed in triplicates using UV spectrophotometer
at kmax 235 nm.

2.2.17. In vitro antimalarial assay
Antimalarial assay was performed in vitro against chloroquine sensitive P. falciparum
3D7 strain. P. falciparum 3D7 culture was maintained in vitro as described in the lit-
erature [31] consisting of RPMI 1640 powdered medium supplemented with Hepes
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buffer (25mM) and 0.2% NaHCO3 (hereafter abbreviated as RP) with 10 percent type
AB human serum and heparin solution (30mg of heparin per 100mL of blood in
0.85% NaCl) equivalent to one-tenth the volume of the re-suspended cells. Stock
solution of the formulation was prepared by dissolving specific amount of methanol
and benzalkonium chloride (BKC) in 0.05N HCl. For the determination of 50%
inhibitory concentration (IC50), dilutions of the stock solution were made with sterile
distilled water. The final concentrations ranged from 1 to 70 ng/mL for pure LUF
powder and marketed dry syrup. The final concentrations ranged from 0.19-48 ng/mL
for LP-NS (equivalent to 0.05-12.8 ng/mL for LUF) were distributed in a 96 well plate.
The standard anti-malarial agent, chloroquine was incorporated in the present experi-
ment as the positive control to compare the efficacy of the test and marketed formu-
lations of LUF. Asynchronous culture of the parasite (�2–3% parasitemia and 2–3%
hematocrit) was exposed to the drug dilutions for 72 h. (37 �C, 5% CO2). Lytic buffer
(20mM Tris pH 7.5, 5mM EDTA, 0.008% saponin, and 0.08% triton X-100) contain-
ing SYBR green-I was added to each well and incubated for 3 h at room temp in
dark. The mean parasitemia was calculated from the triple-read replicate test. The
mean parasitemia in the drug-free control wells served as the parameter of optimum
and relative growth inhibition in the drug wells and was calculated based on formula
as suggested by Fidock et al. [32]. Plates were read under fluorescence reader (excita-
tion at 485 nm and emission at 535 nm). IC50 was determined based on DNA content
of the parasite [33].

Activity ¼ 100�mean parasitemia treated
mean parasitemia control

� 100

3. Results and discussion

3.1. Selection of suitable organic solvent

Selection of suitable solvent is an important process for fabricating a suitable nano-
suspension, as it is desired to provide goods solubility. For this study, solubility of
LUF was measured in different solvents like acetone, chloroform, dichloromethane,
dimethylformamide, methanol, ethanol and dimethyl sulfoxide. Based on the results
of the study, chloroform was selected as solvent for LUF due to highest solubility of
drug (106mg/mL) when compared to other tested solvents (Figure 1(a)).

3.2. Selection of LUF-Soya lecithin complex

LUF, soya lecithin and PVK30 complex was prepared in different ratio of the compo-
nents, 1:1:1, 1:2:1, 1:3:1 and 1:4:1, respectively. Suitable ratio was selected on the basis
of aqueous solubility of complex using saturation shake flask method. Among all the
four complexes prepared, 1:4:1 (LUF: Soya lecithin: PVPK30) indicated highest solu-
bility in water (921mg/mL) (Figure 1(b)). Whereas, the other ratios (1:1:1, 1:2:1 and
1:3:1) showed the solubility of 615 mg/mL, 746 mg/mL and 830 mg/mL, respectively.
Hence, the 1:4:1 ratio was selected for preparation of nanosuspensions.
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3.3. Preparation of nanosuspension

Finally, the nanosuspension of LUF was prepared using solvent-antisolvent technique
as described earlier. Nanosuspension experiment was designed as per 32 full factorial
design as per DoE (Table 2). Result of the experimental runs is presented in Table 3.

3.4. Optimization of nanosuspension

Nanosuspension formulation was optimized by using DoE software, where concentra-
tion of surfactant (X1) and sonication time (X2) were selected as independent vari-
able, while particle size and t90 was selected as dependent variable. Responses
obtained as per DoE were analyzed using multiple linear regression analysis (MLRA)
and ANOVA and polynomial equation for each response variable was derived. Model
was designed at p< 0.05.

3.4.1. Optimization of particle size
Particle size of all 13 batches are presented in Table 3. Effect of X1 and X2 on particle
size was presented in contour plot and 3D response surface plot (Figure 2(a,b)).

Figure 1. Saturated solubility of LUF in different solvents; (b) Selection of Ratio of LUF: Soya leci-
thin: PVPK30.
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From the presented results, it is indicated that there is increase in surfactant concentra-
tion with simultaneous increase in sonication time there is decreased particle size. A
polynomial equation (1) derived from the MLRA and ANOVA is presented as follow:

Particle size nmð Þ ¼ þ151:98 – 81:65X1– 48:29X2þ 42:49X1X2þ 12:91 X1
2þ 37:37 X2

2

(1)

According to the Equation (1) mentioned above, the negative values of coefficient
indicates negative impact and vice versa. Concentration of surfactant had negative
impact on the particle size, i.e. an increase in the concentration of surfactant will
increase particle size. The time of ultrasonication showed a marked effect on particle
size. Particle size for nanosuspension was increased with increased time of ultrasoni-
cation. Our results are well in accordance with previous report available in the litera-
ture [34]. The application of ultrasonic energy could generate high-energy ultrasonic
waves. These shock waves could reduce the contact time between the particles and
thereby, prevent the agglomeration of the particles. The ultrasonic waves also could
increase the adsorption of polymers on the particle surface and simultaneously cause
the disruption of agglomerates. However, longer duration of ultrasonication did not

Table 2. Experimental runs for preparation of nanosuspension as per 32 full factorial design.

Batch no

Coded independent variable Actual Value

Concentration of Polysorbate 80
(X1) (% w/v)

Sonication time
(X2) (min)

Concentration of Polysorbate 80
(X1) (% w/v)

Sonication time
(X2) (min)

F1 þ1 –1 1 15
F2 0 –1 0.625 15
F3 þ1 0 1 22.5
F4 0 0 0.625 22.5
F5 –1 þ1 0.25 30
F6 0 0 0.625 22.5
F7 0 0 0.625 22.5
F8 0 0 0.625 22.5
F9 –1 –1 0.25 15
F10 þ1 þ1 1 30
F11 0 0 0.625 22.5
F12 0 –1 0.625 30
F13 –1 0 0.25 22.5

Table 3. Results of experimental runs for preparation of nanosuspension.
Batch no Particle size (nm) (Y1) T90 (Mins)

F1 117.94 12
F2 237.18 24
F3 95.34 3
F4 165.56 15
F5 208.9 15
F6 165.56 15
F7 154.45 12
F8 146.57 12
F9 384.82 36
F10 111.98 6
F11 140.76 15
F12 129.34 6
F13 221.45 18
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help in reduction of particle size, because it may cause the disruption of the adsorbed
polymeric film, which might lead to the agglomeration of particles. Hence, in our
present experiment, the process of probe sonication for shorter duration obtained
nanosized and homogenous particles of the nanosuspension.

3.4.2. Optimization of t90
Effect of X1 and X2 on t90 is illustrated in Figure 2(c,d). The results showed that the
increasing in surfactant concentration with increasing sonication time reflected by
decreased t90. A polynomial equation derived from the MLRA and ANOVA was pre-
sented as follow:

t90¼ þ13:03 – 8:00X1– 7:50X2þ 3:75X1X2– 0:6207X1
2þ 3:88X2

2 (2)

The decreased dissolution rate of LUF might be due to its larger crystal size and
lower aqueous solubility. This was further confirmed through its distinctive peaks
using both XRPD and DSC techniques. Increased rate of drug release from the nano-
suspension might be due to various possibilities; such as (a) presence of polymers
with high hydrophilic property that result into reduction of aggregation and enhance-
ment in wettability of drug; (b) reduction of LUF crystallinity in nanosuspensions,
thus an amorphous LUF showed an elevated thermodynamic activity when compared
to crystalline LUF, which lead to faster release; (c) reduction in particle size of the
LUF leading to increased surface area and ultimately increase the dissolution of drug.
The variability in drug release profile might be due to variation in particle size of
nanosuspension formulation.

Amongst all the tested formulations, batch F3 illustrated the minimum mean par-
ticle size i.e. 95.34 nm, with the lowest t90 (3min); hence, F3 was selected as opti-
mized batch of nanosuspension formulation for further experimentation.

Figure 2. (a) Contour plot showing effect of X1 and X2 on particle size; (b) 3 D response surface
plot showing effect of X1 and X2 on particle size; (c) Contour plot showing effect of X1 and X2 on
t90 (d) 3 D response surface plot showing effect of X1 and X2 on t90.
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3.5. Lyophilization of optimized nanosuspension

Lyophilization is the process by which one can get a free-flowing powder formulation
of the LUF nanosuspension. Batch F3 was lyophilized and it was evaluated for differ-
ent parameters.

3.6. Characterization of LP-NS

3.6.1. DSC study
DSC thermograms of the LUF, soya lecithin, PVPK30, LSP-C, LP-NS and the mar-
keted formulation (dry syrup) of LUF are illustrated in Figure 3(a–f). Presence of
endothermic peak at 133.6 �C in the thermogram of DSC indicated melting point of
LUF as showed in Figure 3(a), which is identical to the reported peak for LUF. DSC
thermogram LUF: LSP-C showed that the melting starts at 87.38 �C to 143.69 �C,
indicating that complex was successfully formed as depicted in Figure 3(d) [35]. DSC
thermogram of LP-NS endothermic peak at 44.52˚C starting at 39.01˚C, might have
resulted from the melting of Poloxamer 188 in the formulation, slightly shifted to
lower side to actual melting point at 53.49˚C [36].

Further, DSC thermogram of lyophilized nanosuspension showed absence of iden-
tical peak of LUF as displayed in Figure 3(e). This indicates successful complex for-
mation and absence of free drug in crystalline form during lyophilization process.
Presence of endothermic peak at 150.02 �C in the thermogram also indicates melting
point of LUF and 115.28 �C indicates melting point of artemether in the marketed
formulation (dry syrup) indicates crystalline nature of LUF (Figure 3(f)).
Alternatively, disappearance of the melting endotherm of LUF in the DSC thermo-
gram of LSP-C and LP-NS suggested that drug has been converted to amorphous
form when fabricated. High-energy input during the nanonization might induce the
changes in the crystalline state of the drug, which could possibly lead to the conver-
sion to amorphous structure [37].

3.6.2. Re-dispersibility of LP-NS
Zeta potential is an evaluation of electrostatic stabilization and plays a vital function
for the nanosuspension stability. The formulation was found to be quite stable as por-
trayed by stability data of the samples stored at different temperature conditions. This
could be explained by the fact of nonionic surfactants utilization in the formulation
leading to lower zeta potential values to accomplish further stability in physical form.
Particle size, PDI and zeta potential of the optimized LP-NS was found to be
168.3 ± 1.8 nm, 0.126, and �25.7 ± 0.9mV, respectively (Figure 4(a,b)). Results indi-
cated a uniform colloidal system and good colloidal stability (Table 4).

3.6.3. X-ray diffractogram (XRPD) studies
XRPD is useful method for the detection of compound complexation in powder or
microcrystalline states. The diffraction pattern of the complex is supposed to be
clearly distinct from that of the superposition of each of the components [38].
Therefore, to confirm crystalline state of LSP-C and LP-NS, XRPD study was per-
formed with the same batch of samples that were evaluated using DSC. X-ray
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diffractogram peaks for pure drug LUF at 2h values are of 11.03, 20.06, and 23.01
across the selected region showed sharp, intense and distinct peaks, indicated pure
LUF was in the crystalline form, which might lead to poor water soluble property of
LUF (Figure 5(a)). However, numbers of LUF characteristic peaks are found to be
decreased or disappeared in LSP-C (Figure 5(b)), specifically the peaks at 15.18˚,
21.68˚, 25.52˚, and 20.24˚, when compared to that of the pure LUF. This could be
said that the crystalline peaks of LUF were disappeared in the complex. This suggests
that LUF in the lecithin matrix was molecularly dispersed. XRPD analysis of LUF:
LSP-C showed absence of sharp and intense peaks of pure LUF, which revealed

Figure 3. DSC thermograms of (a) LUF; (b) Soya lecithin; (c) PVPK30; (d) LSP-C; (e) LP-NS; and (f)
marketed dry syrup.

JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION 845



conversion of crystalline form to amorphous form of drug [39,40]. Alternatively, there
are numbers of LUF characteristic peaks decreased or disappeared in LP-NS, specific-
ally the peaks at 11.08 ˚, 26.93˚ and 25.2˚. A large reduction in characteristic peaks
indicated the conversion to amorphous nature of LUF. Decrease in the height of
peaks of LUF was also observed for LP-NS (Figure 5(c)). This reveals that the crystal-
linity of LUF was affected by the partial amorphization during the process.
Polymorphic transition was not observed as the positions of peaks were comparatively
retained in the difractogram for lyophilized powder. Formation of complex between
lecithin and LUF might have lost its crystalline nature and, consequently, the diffrac-
tion pattern of the complex, which would not be a simple superposition of those of
the two pure components.

Figure 4. (a) Particle size and PDI of re-dispersed LP-NS; (b) Zeta potential of re-dispersed LP-NS.
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3.6.4. FT-IR studies
FT-IR can be performed to determine any chemical modifications of the drug during
formulation development. Presentation of FT-IR spectra of the tested samples are dis-
played in Figure 6. The FT-IR spectrum of LUF showed O-H stretching band near to
3300 cm�1 (Figure 6(a)). Alternatively, in the spectra, the vibrational bands between
2952 cm�1 to 2870 cm�1 of LUF are attributed to linear C–H stretching, whereas the
bands at 1750 and 1643 cm�1 are due to aromatic –C¼C– and C–H stretching,
respectively. On the other hand, band at 1155 cm�1 represents C-O band vibration,
whereas bands at 873 cm�1 and 770 cm�1 are representing the presence of alkanes
and –C-Cl–. All the significant peaks depicted here for LUF are in agreement to the
literature [41]. The FT-IR spectrum of LUF:LSP-C (Figure 6(b)) revealed absence of
3300 cm�1 respective to O-H stretching (Figure 6(b)). This might be due to complex
formation at O-H group with soya lecithin, which was further confirmed by C-O-C
stretching between 1000-1300cm�1 region [42]. Alternatively, the FTIR spectrum of
LP-NS (Figure 6(c)) revealed that there was no considerable change in major peaks
when compared to FTIR of LSP-C, which confirms that there is no modification or
interaction between drugs and excipients.

3.6.5. 1H NMR spectroscopy study
1H NMR study was carried out to confirm the complex formation, where the chem-
ical shifts of the proton signals were determined relative to the deuterated chloro-
form. The 1H NMR spectra for LUF displayed specific strong aromatic signals
between 7.287 to 7.745 ppm, 2.478 to 2.923 ppm and 0.036 to 1.548 ppm. The results
of LUF NMR spectra are in agreement to the reported results in the literature [43].
When compared the spectra of LUF with LSP-C, the signal in 1H NMR of LUF
(Figure 7(a)) at 4.5 ppm was found to be absent in 1H NMR of LSP-C. Further, the
signal observed for O-H proton was less intense and broad. The absence of signal in
the spectrum of the complex might be explained by the fact of complexation at O-H
group in LUF (Figure 7(b)) [44,45].

3.6.6. Surface morphology
Optical microscopy of LUF and surface morphology of LP-NS using SEM is illus-
trated in Figure 8(a,b), respectively. Optical microscopy (Figure 8(a)) of LUF (meas-
ured by dispersion of the drug in propylene glycol) clearly indicates crystalline
surface and higher range of particle size 31-35mm. While SEM image (Figure 8(b)) of
LP-NS showed remarkable reduction in particle size. Further, spherical shape of the
LP-NS could be demonstrated by the covering of the drug particles by HPMC-E5 pol-
ymers. Additionally, spherical shape of LP-NS particles revealed the conversion of
crystalline form to amorphous form [46].

Table 4. Evaluation of re-dispersed LP-NS.
Parameters Batch F3 Re-dispersed LP-NS

Particle size (nm) (Mean ± S. D) 162.25 ± 1.86 168.3 ± 1.8
PDI (Mean ± S. D) 0.153 ± 0.1 0.126 ± 0.05
Zeta potential (mV) (Mean ± S. D) –25.5 ± 1.8 –25.7 ± 0.9
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Figure 5. X-ray diffractograms of (a) LUF; (b) LSP-C; and (c) LP-NS.
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Figure 6. FT-IR spectra of (a) LUF; (b) LSP-C; and (c) LP-NS.
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3.6.7. Saturation solubility studies
The saturation solubility of LUF, LSP-C and LP-NS in water were 212.33mg/mL and
782.66 mg/mL and 1.67mg/mL, respectively. Solubility of LP-NS was distinctly greater

Figure 7. 1H-NMR spectrum of (a) LUF (b) LSP-C.
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than LUF and LSP-C, which further inferred that the lyophilized nanosuspensions
could remarkably increase the solubility of LUF (Figure 9(a)).

The results on saturation solubility demonstrated at a function of different pH
(1.2, 4.5, 6.8, and 7.4). Solubility study results signify that LUF displayed pH depend-
ent solubility. Unlike pure LUF, unpredictable solubility outcome was achieved for
nanosuspension formulations. It is fascinating to make a note of that at pH 1.2, LUF
solubility drastically augmented by LSP-C as well as LP-NS.

3.6.8. Analysis of residual solvent
Chloroform employed in LUF nanosuspension fabrication fits into class II according
to International Conference on Harmonization (ICH) guidelines along with a limits
60 ppm. GC was applied to analyze chloroform level quantitatively in the lyophilized
sample. The results of the GC analysis depicted presence of 10 ppm chloroform,
which is well below the permitted specifications.

Figure 8. (a) Optical microscopy of LUF; (b) SEM images of LP-NS.
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3.6.9. Physical stability
Stability of wet nanodispersion (before lyophilization) and optimized lyophilized LP-
NS formulation was investigated at different temperatures and conditions and the
observed data are presented in Figure 9(b,c). Nanocrystals typically show an inad-
equate aqueous state stability, the particles anticipated to aggregate through phenom-
enon of Ostwald ripening and by the use of attractive inter-particle forces during
storage [47]. To scrutinize the influence of temperature on the stability of LUF nano-
crystals, particle size of freshly prepared nanocrystals was compared with the samples
kept at different temperatures. Short-term stability of wet nanodispersion (before
lyophilization) and LP-NS (after lyophilization) was examined in terms of particle
size. After 3month storage of nanosuspensions, there was no noticeable transform-
ation on particle size for wet nanodispersion (before lyophilization) stored at 2 to
8 �C but significant increase in particle size observed at 25 ± 2 �C/60 ± 5%RH, where
the size was increased to 1050 nm after 3months for wet nanodispersion.

Alternatively, after three months storage of LP-NS, no significant changes in par-
ticle size was observed at 2 to 8 �C and 25 ± 2 �C/60 ± 5% RH. However, a slight
increased particle size was found when the sample was stored at 40 ± 2 �C/75 ± 5%
RH storage conditions. Plausible cause might be the elevated kinetic energy imparted
by temperature leading to collision and enhanced likelihood of aggregation.
Furthermore, the nanosuspension did not demonstrate any indication of coalescing
and caking phenomenon. Stability study indicated that the developed LP-NS showed
good stability at both the storage conditions. Overall, the findings can be wrapped up
by saying the lyophilized formulations are more stable when compared to the wet
nanodispersion of LUF.

3.6.10. In vitro dissolution study
The main feature of formulating nanosuspension is to increase the solubility and dis-
solution rate of the poorly soluble drugs. In vitro drug release study is an indirect

Figure 9. Saturation solubility of LUF in water & at different pH; (b) short term physical stability of
wet LUF nanodispersion (Before lyophilization); (c) short term physical stability of LP-NS (After
lyophilization); (d) In-vitro drug release profile of LUF and LP-NS and marketed formulation
(dry syrup).
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method to evaluate the bioavailability of a formulation, where higher dissolution rate
of nanosuspension possibly be due to greater surface area of nanoparticles as com-
pared to macro-particles in pure LUF [48]. The comparative in vitro drug release pro-
file of pure LUF, marketed LUF formulation, and LP-NS was presented in Figure
9(d), which represented significant variance. This change was observed due to the
change in surface area with the presence of a surfactant. It showed increased drug
release from LP-NS compared with pure LUF, which might be attributed to its hydro-
phobic nature and poor aqueous solubility [10]. Marketed dry syrup formulation
showed increased drug release when compared to the pure LUF. Release of LUF from
the developed LP-NS was >90% within the timeframe of initial 15min, while those
of pure LUF was only 10% which was >60% for the commercial formulation. This
might be due to the several underlying reasons, such as, decreased particle size of
LUF in nanosuspension results in increased surface area; an increase in the surface
wetting by co-grinding with stabilizer in nanosuspension could also further increase
in the dissolution; use of hydrophilic surfactant (Polysorbate 80) forms hydrophilic
environment around LUF and increased wetting of the drug. Hence, increased the
diffusion coefficient of drug [49]; decrease in the diffusion distance with decreased
particle size lead enhancement in saturation solubility due to amorphous nature of
LUF in nanosuspension [50], due to less energy requirement for breaking lattice
structure in amorphous form when compared to crystalline form of the drug.
Further, the particles in nanosuspension have more chances of interaction with the
solvent due to small particle size that may lead to enhanced solubility [51].
Nanosuspension formulation showed approximately �8 times increase in drug release
in comparison to pure LUF which indicated that this approach can offer improved
drug release characteristics. Results of this study evidently indicated that nanosuspen-
sion formulation is a successful technique to improve the dissolution rate of LUF,
which is congruent to the reported reports in literature [52,53].

3.6.11. In vitro antimalarial activity
In vitro antimalarial activity results showed that LP-NS could be active against P. fal-
ciparum 3D7 strain at a very low concentration. However, the vehicle control com-
prising aqueous stabilizer (HPMC, PVPK30 and SLS) solution showed no activity
against the tested strains. The IC50 value of LP-NS was found to be 0.375 ng/mL, sug-
gesting IC50 value of nano-sized LUF to be 0.1 ng/mL (since amount of LUF in LUF
LP-NS is 26.7% w/w). Therefore, comparing the IC50 value of nanosized LUF (0.1 ng/
mL) (LP-NS) with pure, free form of LUF (16.0 ng/mL), marketed dry syrup formula-
tion (4.5 ng/mL) and standard antimalarial drug chloroquine (3.5 ng/mL), it could be
inferred that there was 160-fold, 45-fold and 35 fold decrease in IC50 value,
respectively.

The enhanced in vitro performance of nanoformulation against the selected strains
of P. falciparum is encouraging, which might be because of the smaller particle size
and complex structure. Morphological modification of the formulation provides
immense surface area that is capable to enhance the dissolution rate and consequently
marked absorption.
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4. Conclusion

Anti-solvent precipitation and ultrasonication method was employed in the present
experiment to fabricate LUF nanosuspensions in order to increase the dissolution of
poorly water-soluble drug. The LUF nanosuspension was successfully prepared and
optimized using 32 full factorial design. Among all formulation batches, F3 showed
lowest particle size and minimum t90 value. Optimized LUF nanosuspension was
lyophilized and analyzed using DSC, XRPD and FT-IR, which indicated complex for-
mation between LUF, soya lecithin and PVPK30. This complex converts crystalline
drug in amorphous form, which might be responsible for increased solubility of drug,
which was confirmed by in vitro release characteristics of LUF from LP-NS. Further,
the antiplasmodial activity of the produced LP-NS was found to be favorable with
that of the pure LUF, the marketed dry syrup formulation LUF and commercial
chloroquine. Moreover, this nanosuspension could be easily administered by pediatric
and geriatric population or by any person having difficulties in swallowing oral solid
dosage forms, like tablets and capsules.
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