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Abstract

Purpose: To develop Neusilin-based amorphous multi-component solid dispersions (NAM-SDs) to
improve poor aqueous solubility, low bioavailability and absorption of lumefantrine and enhance the
antiplasmodial activity.

Methods: Solvent evaporation technique was adopted to produce second-generation SDs (N1 - N3);
third-generation SDs (N4 - N6 and N10 - N12); and multi-component SDs, NAM-SDs, (N7 - N9 and N13
- N18). In vitro drug release, in vivo anti-plasmodial activity, differential scanning calorimetry (DSC), and
wide-angle x-ray diffraction (WAXD) were carried out on the SDs.

Results: The highest drug release (80 %) was observed in multi-component SDs (NAM-SDs,
formulation N17 containing Kollidon® VA 64). A significant antiplasmodial activity (p < 0.05) was
observed in mice that received NAM-SDs. The DSC and WAXD studies showed that the formulations
solubilized and exhibited an amorphous state.

Conclusion: Multi-component amorphous-based lumefantrine SDs (NAM-SDs) may serve as a
potential alternative carrier system for oral lumefantrine delivery.
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which is lumefantrine [1]. They display
dissolution rate-limited  absorption.  Thus,

INTRODUCTION

Approximately 40 % or more of newly discovered
drugs have poor aqueous solubility which poses
a serious challenge to the successful
development and commercialization of new
chemical  entites. Class IV of the
biopharmaceutical classification system (BCs) is
faced with poor solubility and permeability among

researchers are keen to build reliable, scalable,
and effective techniques to improve their
aqueous solubility. To improve these parameters,
different techniques employed by researchers
include micronization, solubilization,
complexation with polymers, changing physical
forms (amorphous), use of prodrugs and drug
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derivatization, addition of surfactant, solid
dispersion, and so on [2]. Selection of a
particular technique depends on the physical and
chemical nature of the medicinal agents,
polymers, and applications [3]. Among the
different techniques, solid dispersions (SDs)
have been demonstrated to be the most
productive in enhancing dissolution and
bioavailability of poorly water-soluble drugs
(PWSDs) [4].

The SDs comprise a class of solid formulations
of not less than two dissimilar elements, mainly a
lipophilic matrix and a lipophobic drug. The
matrix may either be crystalline or amorphous.
Solid dispersion may enhance the solubility and
dissolution of drugs in an aqueous medium. In
solid dispersion technology, there is a partial or
complete removal of drug crystallinity and
molecular dispersion of PWSDs in a hydrophilic
polymeric carrier [5,6]. Two basic classifications
of solid dispersions (SDs) are based on the
molecular arrangement (eutectics, solid solution,
microfine crystalline matrix) [3,7] and the carrier
matrix used such as first, second, and third
generations [8]. The first generation contains
crystalline carriers such as urea and sugar [5,9].
The second generation comprises carriers with
amorphous nature such as hydroxypropyl
methylcellulose [10], while the third generation
includes carriers that enhance aqueous solubility
such as surfactants, among others [11].

In this study, multi-component SDs were
formulated by the inclusion of a carrier, which
has additional properties such as crystallization
inhibition and hydrophilic solubilizing character.
The carrier is kollidon® VA 64. Kollidon® VA 64 is
a vinyl pyrrolidone-vinyl acetate copolymer. It is
conventionally applied in drug production
companies as a binder and a crystallization
prohibitor. It is employed in powder granulation
and film-forming formulations with adequate
plasticity. Lumefantrine is a lipophilic and
hydrophobic drug agent used in the management
of malaria (plasmodial infections). Malaria has
been a public health challenge in tropical and
subtropical countries. Lumefantrine belongs to a
class IV agent in the BCs and it faces the
challenge of poor solubility and permeability. Its
bioavailability and absorption are dose-limited.

It has been established that increasing the dose,
does not improve bioavailability and absorption
[12]. These challenges prompted this study.
Multi-component solid dispersion is a solid
dispersion consisting of additional excipient(s)
more than the conventional formulation which
inhibits crystallinity of the drug even on storage
to maintain the drug in amorphous form to

improve drug solubility, bioavailability and
absorption.
This  study investigated Neusilin®-based

amorphous multi-component solid dispersions
(NAM-SDs) containing Kollidon® VA 64 to
improve aqueous solubility, bioavailability, and
absorption and consequently antiplasmodial
effect of lumefantrine. More so, there is a paucity
of information on lumefantrine NAM-SDs in the
literature.

EXPERIMENTAL
Materials

Pure sample of lumefantrine (CAS71963-77-4)
was received as a gift from Hangzhou
Dayangchem Co., Ltd. Neusilin® (magnesium
aluminometasilicate) was a gift from Fuji
Chemical, Kollidon® VA 64 was also a gift from
BASF. Other chemicals and solvents employed
were of analytical grade. Wistar rats were
procured from the Department of Physiology,
University of Nigeria, Nsukka.

Preparation of Ilumefantrine-loaded solid
dispersions

Drug-loaded SDs were developed with Neusilin®
as a carrier at different ratios utilizing the solvent
evaporation process. Approximately, 80 mg of
lumefantrine was fixed for all the batches at
different ratios to produce second-generation (N1
- N3), third-generation (N4 - N6 and N10 - N12),
and multi-component SDs (N7 - N9 and N13 -
N18) at ratios 1:1, 1:2, and 1:3, respectively.
Briefly, 20 mL methanol was added to a 250 mL
beaker and an appropriately weighed quantity of
Neusilin® (Table 1) was incorporated for each
ratio and uniformly dispersed with an Ultra
Turrax® homogenizer (IKA®T25DS2, Germany)
at 6000 rpm for about 10 min. To the 250 mL
beaker containing Neusilin dispersion, 80 mg
lumefantrine, Kollidon® VA 64, and other
excipients were added at the same rate. The
formulations were allowed to evaporate and dry
in a desiccator.

This was followed by weighing, pulverization
using mortar, and then sieving (No.52).
Thereafter, they were stored in airtight containers
and kept in desiccators until used. Physical
mixtures (N19 - N21) were prepared by mixing all
the excipients and the drug in a mortar and
pestle, pulverized, and sieved. Then, stored
under the same condition.

Trop J Pharm Res, December 2024, 23(12): 1974



Ugwu et al

Table 1: Formulation table

Sample Drug: Neusilin® Cr Kr Kv
N1 1:1

N2 1:2

N3 1:3

N4 1:1 0.5

N5 1:2 0.5

N6 1:3 0.5

N7 1:1 0.5 1
N8 1:2 0.5 1
N9 1:3 0.5 1
N10 1:1 0.5

N11 1:2 0.5

N12 1:3 0.5

N13 1:1 0.5 1
N14 1:2 0.5 1
N15 1:3 0.5 1
N16 1:1 0.5 0.5 1
N17 1:2 0.5 0.5 1
N18 1:3 0.5 0.5 1
N19 1:1 0.5 0.5 1
N20 1:2 0.5 0.5 1
N21 1: 3 0.5 0.5 1

N1 - N3 (2nd generation SDs); N4 — N6 and N10 - N12
(3rd generation SDs); N7 — N9 and N13 - N18 (multi-
component SDs); N19 — N21 (physical mix); Kv
(kollidon® VA 64); Kr (kolliphor® HS 15); Cr
(cremophor® RS 40).

Determination of loading efficiency

An equivalent of a unit dose of lumefantrine (80
mg) was weighed from each of the formulations
into a 250 mL beaker. Then, methanolic-HCI was
added and sonicated for 20 min in a sonicator
(Fisher Ultrasonics, USA) and the volume made
up to 100 mL. The preparation was filtered
through Whatman filter paper no. 42 and 5 mL of
the filtrate was collected and made up to 80 mL
with  methanolic-HCI. Loading efficiency was
evaluated at a wavelength of 335 nm using UV
spectrophotometer (Spectrumlab 752,
Netherlands). Blank was prepared with
methanolic-HCI. Loading efficiency (LE) was
calculated using Eq 1.

LE (%) = (RD/TD)100 «...vevevereeeee. 1)

Where real drug loaded (RD) is the quantity of
drug encapsulated and theoretical drug loaded
(TD) is the initial quantity of drug incorporated.

Flow properties of SDs

Bulk density of the SD formulations was
ascertained as a ratio of the weight to the volume
occupied. Tapped density was obtained as the
ratio of the weight to the occupied volume of the
formulation after bugging for 00 times to achieve
constant volume at a height of about 2 inches
from a flat surface. Then, Hausner’s ratio was
derived as the ratio of the tapped density to the

bulk density, while the compressibility index (%)
was derived as the ratio difference between the
tapped density and the bulk density divided by
the tapped density.

Furthermore, an earlier method was adopted in
determining the flow rate and the angle of repose
of the SDs using the fixed height funnel method
[13]. The time it took SDs to flow via a funnel was
taken and the flow rate was computed, whereas
the angle of repose was calculated as an angle
of Tan"! of the height and radius of the SDs pile
formed.

In vitro drug release study

The in vitro release profiles of lumefantrine
Neusilin®-based solid dispersions were studied
using USP Type | (rotating basket) apparatus in
500 mL of phosphate buffer (PB, pH, 6.8) and
simulated gastric fluid (SGF, pH, 1.2) at 100 rpm
maintained at 37 £ 1 °C. An equivalent of 80 mg
drug of solid dispersions, physical mix, and pure
lumefantrine was encapsulated and centralized
with a basket into the medium.

The basket was placed in a beaker set up on a
magnetic stirrer set to rotate at 100 rpm and 37 +
1 °C. At time intervals of 5, 10, 15, 20, 25, 30, 35,
and 60 min, 5 mL aliquot of the medium was
withdrawn and replaced with an equal volume of
fresh medium maintained and then, diluted with
methanolic-HCI and assayed at 335 nm using UV

spectrophotometer (Spectrumlab, 752s,
Netherlands). Determination was done in
triplicate.

Characterization of SDs
Differential scanning calorimetry (DSC)

Melting transitions and changes in heat capacity
of pure Ilumefantrine, NAM-SDs, and pure
excipients were evaluated using a DSC (Netzsch
DSC 204 F1, Geratebau, GmbH, Selb,
Germany). Approximately 1 mg sample was
weighed into an aluminum pan and the
enthalpies and thermal properties were obtained
at20-500°C.

Powder diffractometry study (WAXD)

The crystalline characteristics were studied on
pure lumefantrine, SDs, and physical mix using a
powder diffractometer (Philips, Eindhoven,
Netherlands) as previously described [14].
Prepared samples were exposed to Cu Ka
radiation in the range of 0° < 26 < 50°. The step
size was 0.05° and time was maintained at 2 s.

Trop J Pharm Res, December 2024, 23(12): 1975



Ugwu et al

Stability study

Physical stability of the formulation was
evaluated according to International Conference
of Harmonization (ICH) guidelines. Formulations
were placed in air-tight containers and stored in a
controlled environment at ambient temperature
for about 12 months, under a spray humidifier
(Bottle ORB Model 7098, Topland Co. Japan).
Then, samples were removed after 12 months to
determine the organoleptic properties and drug
loading efficiency which was analyzed using
WAXD.

In vivo antiplasmodial study

An animal experiment was conducted following
the guidelines established by the Institutional
Animal Care and Use Committee of the UNN,
which cohered to the European community
guidelines for the use of experimental animals
(86/609/EEC) [15]. Wistar female mice weighing
between 120 to 150 g were bred in the
Department of Pharmacology and Toxicology,
University of Nigeria, Nsukka. The Wistar mice
were caged in good environmental conditions
and kept at a body temperature of 37 °C. Before
the experiment, animals were allowed free
access to food and water. The chloroquine-
sensitive strain of Plasmodium berghei NK-65
was procured from the Department of Veterinary
Medicine, University of Nigeria. A 4-day
suppressive test was employed for the study
[16]. Approximately 0.2 mL of donor animal blood
containing parasitized erythrocytes was diluted
with  phosphate buffer saline and was
intraperitoneally inoculated into five (5) groups of
six Wistar mice. Group 1 was treated with
physical mix N20 (10 mg/kg), group 2 was
treated with NAM-SDs, N17 (10 mg/kg), group 3
was treated with artesunate (standard, 5 mg/kg),
group 4 was treated with lumefantrine (5 mg/kg),
group 5 was not treated (negative control). A
single oral dose per day was given. On day 4,
sample blood was collected and thinly smeared
on a microscope slide. Percent parasitemia was
calculated and percent activity was obtained
using Eq 2.

Activity (%) = 100 — (ACTG/AVCG)100...... (2)
Where; AVTG is the average parasitemia of

treated group while AVCG is the average
parasitemia of control group.

Statistical analysis
Results were calculated and analyzed with

GraphPad InStat Demo (USA) and presented as
mean * standard deviation. Variation in the

means was evaluated by a two-tailed student’s t-
test and p < 0.05 was considered significant.

RESULTS
Loading efficiency of solid dispersion

Loading efficiency (LE %) of N1 — N3 (2nd
generation SDs) ranged within 38.2 + 0.28 — 40.1
+ 0.43 %, N4 - N6 and N10 — N12 (3 generation
SDs) ranged within 51.2 + 0.46 — 67.6 £ 0.84 %,
N7 — N9 and N13 - N18 (NAM-SDs) ranged
within 69.3 £ 0.24 — 88.8 + 0.86 %, while the
physical mix (N19 — N21) ranged within 36.8 £
0.37 — 47.4 + 0.80 %. There was a significant
reduction in LE (%) of NAM-SDs
(multicomponent SDs containing Kolliphon® VA
64) compared to other formulations (p < 0.05).

Flow property

Bulk and tapped densities of all the batches
ranged within 0.42 + 0.6 - 0.44 + 0.4 and 0.50
0.44 - 0.54 £ 0.44 (g/mL), while the physical mix
ranged within 0.50 £ 0.3 - 0.52 + 0.3 and 0.64
0.24 - 0.67 + 0.5 (g/mL), respectively. All the
formulations had Hausner’s ratio < 1.25 except
the physical mix that fell within 1.28 - 1.30. Angle
of repose ranged between 39 + 0.4° and 46
1.1° for formulations N7 - N9 and N13 - N21
(NAM-SDs) except formulations N1 - N6 and N10
- N12 (2 and 3 generations SDs) that ranged
within 20 £ 0.9° and 25 + 0.4° respectively. While
the flow rate ranged between 6.5 + 0.14to 7.5 £
.32 g/s for formulations N1 - N6 and N10 - N12
and 1.1 £ 0.41 to 1.9 + 0.27 g/s for formulations
N7 - N9 and N13 - N21.

In vitro release study

Time to release 45 % (T4s%) and 60 % (Teo%) of
the drug in pH, 6.8 for formulations N17 and N20,
and pure drug were 15, 10, and 0 min, and 20,
45, and 0 min, respectively. In the SGF (pH, 1.2)
Tas showed 15, 55, and 0 min, while Teo includes
50, 0, and 0 min for formulations N17, N20, and
pure drug, respectively (Figure 1).

Characterization of solid dispersions

Lumefantrine thermogram showed a very sharp
endothermic peak at 133.4 °C with a transition
enthalpy of -7.584 mW/mg (Figure 2 A). The
broad curve of Neusilin® indicated a high
amorphous curve of the polymer, while other
excipients Cremophor® RH 40, Kollidon® VA 64,
and Kolliphor® HS 15 showed broad thermogram
peaks at 84.3, 74.1, and 65.6 °C respectively.
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Figure 1: Drug release of lumefantrine from Neusilin® solid dispersion in (A) phosphate buffer (pH, 6.8) and (B)
SGF (pH, 1.2). Key: N17 (NAM-SDs), N20 (physical mix), pure lum (pure lumefantrine sample)

Table 2: Loading efficiency and flow properties of solid dispersions (mean + SD)

Batch BD (g/mL) TD (g/mL) A(°) LE (%) “LE (%)

N1 0.4690.2 0.500+0.87 20£1.2 39.920.32 35.80.22
N2 0.44110.4 0.5090.45 2240.8 40.1+0.43 37.2+0.12
N3 0.4840.6 0.5170.32 20£0.6 38.240.28 33.00.18
N4 0.4290.3 0.506+0.49 23+0.4 51.2+0.46 48.7+0.40
N5 0.4410.4 0.5100.46 2410.7 57.4+0.34 55.90.11
NG 0.4290.3 0.500+0.32 24+0.4 55.620.38 54.00.20
N7 0.41740.6 0.500+0.44 4240.6 69.3+0.24 68.7+0.44
NS 0.441+0.1 0.5000.45 4420.7 78.620.80 78.240.12
N9 0.4290.3 0.536+0.43 46+0.8 75.00.46 74.8+0.51
N10 0.441+0.8 0.509+1.20 25+0.4 55.8+0.35 51.7+0.15
N11 0.429+0.5 0.5070.94 2410.6 67.6£0.84 62.210. 33
N12 0.44110.4 0.500+0.32 24+0.7 52.5+0.32 49.6+0.19
N13 0.4290.6 0.536+0.46 42+0.8 75.90.36 75.840.30
N14 0.4410.3 0.500+0.33 4620.9 76.840.49 76.820. 23
N15 0.429+0.2 0.536+0.41 4620.5 75.9+0.38 75.7+0.75
N16 0.4170.4 0.5170.24 4020.7 69.5+1.20 69.1£0.11
N17 0.441+0.1 0.536+0.44 39+0.4 88.8+0.86 88.1+0.53
N18 0.429+0.5 0.536+0.31 4240.6 76.8+0.46 76.5+0.42
N19 0.500+0.2 0.6410.24 4210.7 36.920.34 30.90.16
N20 0.51740.3 0.667+0.47 4410.3 47.4+0.80 33.5+0.20
N21 0.5000.4 0.654+1.50 40£1.2 36.840.37 30.120.44

Note: N1 - N3 (2" generation SDs), N4 — N6 and N10 - N12 (3" generation SDs), N7 — N9 and N13 - N18 (NAM-
SDs), N19 — N21 (physical mix), LE (loading efficiency after formulation), *LE (loading efficiency after 12 months),
SD (standard deviation), A (angle of repose), BD and TD (bulk and tapped densities, respectively).
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Figure 2: DSC thermograms of (A) lumefantrine and (B) solid dispersions (NAM-SDs)
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Formulation N17 (NAM-SDs) thermogram
indicated a broader transition thermogram at
63.0 °C with an accompanying enthalpy of -4.5
mW/mg (Figure 2 B).

Wide-angle X-ray diffraction (WAXD)

The diffractogram of the pure lumefantrine
depicted a crystalline state with a sharp peak at
206 > 5° and high intensity (Figure 3). The SDs
formulations containing a single surfactant (N11,
Kolliphor® HS 15) or (N5, Cremophor® RH40)
showed a higher peak intensity than formulations
N17 (NAM-SDs) and N20 (physical mix) with
Kollidon® VA 64 (a crystalline inhibitor).

Stability study

There was no change in organoleptic properties
of the formulations after the test. Also, there was
no significant difference in the loading efficiency
of 2" generations SD formulations after 12

months unlike in the NAM-SD formulations. The
WAXD showed that NAM-SDs maintained a
sharp peak of lumefantrine at 26 > 5°¢ with high
intensity.

In vivo antiplasmodial study

Percent antiplasmodial activity ranged from 90 —
98, 60 — 80, 65 — 81 and 20 - 45 % for
formulations NAM-SDs (N17), N20, artesunate
tablet, and pure lumefantrine, respectively. The
highest anti-plasmodial activity was observed in
NAM-SDs (Figure 4).

DISCUSSION

Neusilin amorphous multi-component SDs (NAM-
SDs) containing Kollidon VA 64 were produced
to show amorphous properties as revealed by
the DSC and WAXD characteristics.

—— Batch_C_Neu?2

—— Batch_C_Neu_A20
Batch C Neu R40

—— Batch_C_SD Neu

Batch_C_SD _Neu 0

Intensity (counts)

40000

22500 4

10000 ‘

2500 ~

WMWWMMWWMWW ;

2Theta (*)

Figure 3: Composite WAXD of lumefantrine and NAM-SDs formulations. Key: Batch C Neu 2 (N20, containing
lumefantrine + Neusilin® + kolliphor HS 15 + Cremorphor® RH40 + Kollidon® VA 64), batch C Neu A20 (N17,
containing lumefantrine + Neusilin® + kolliphor HS 15 + Cremophor® RH40 + Kollidon® VA 64), batch C Neu
RH40 (N5, containing lumefantrine + Neusilin® + cremophor® RH40), batch C SD Neu (N11, containing
lumefantrine + Neusilin + kolliphor HS 15); Batch C SD Neu 0 (lumefantrine)
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Figure 4: An in vivo antiplasmodial study. Key: N17 (NAM-SDs); N20 (physical mix), Art (artesunate); Lum

(lumefantrine)

The NAM-SDs showed a decreased flow
property. Meanwhile, it exhibited the highest in
vitro (drug release) and in vivo (antiplasmodial)
activities, unlike other generation SDs. The NAM-
SDs exhibited the highest drug loading due to the
generated fewer perfect crystals with more
imperfections, which caused more drug
entrapment and localization. More so, the
discrepancy observed in LE (%) of NAM-SDs
and other SDs-generations may be a result of the
impact of Kollidon® VA 64, a copolymer with
crystal inhibition effect. This incorporated
polymer enhanced Ilumefantrine solubility. A
previous report showed that the lipophilicity of
the drug, type of components, combination ratios
of the components, and formulation technique
may affect loading efficiency [17]. Decrease in
flowability of the NAM-SDs might be due to the
presence of Kollidon VA 64 which exhibits
plasticity (increased mostly on exposure to
atmospheric temperature). The highest drug
release of NAM-SDs (N17) in SGF (pH, 1.2)
indicated an improved solubilization property with
fewer or no crystal formation. This effect may be
a result of the presence of Kollidon® VA 64
(crystal inhibitor) and Neusilin® which imparted
amorphous properties to the SDs. The
dissolution rate improvement by Kollidon VA 64
is established on the carrier's solubilization rule
to generate a hydrotropic condition for PWSDs.
The improvement in drug release may be due to

the presence of drugs/excipients in the
microenvironment. The Kollidon® VA 64 being a
copolymer dissolved rapidly on contact with the
dissolution medium due to the presence of a
pyrrolidone ring which has very good solubility in
an aqueous medium.

The presence of vinyl acetate in Kollidon® VA 64
might have caused a decrease in the glass
transition temperature (Tg) of the SDs and
lowered hygroscopicity. This is consistent with an
earlier report [18]. The broader thermogram
suggested molecular dispersion of the drug was
in the multi-component matrix, transforming from
a crystalline state to an amorphous state. The
transition from crystalline to amorphous state
may perhaps cause an encapsulated drug to be
retained over a while [19,20]. This amorphous
nature also indicated the generation of more
spaces for drug localization. Amorphous state
depicted a disarrayed structure with a pushing
force (thermodynamic). This leads to greater
aqueous solubility, loading efficiency, release,
absorption, and bioavailability due to the
numerous pores created [20,3]. The obtained
higher solubility of amorphous substances is a
result of a higher enthalpy, entropy, free energy,
and volume compared to the crystalline
substance [17].
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Diffractograms of NAM-SDs generally showed a
decrease in the melting peak intensities
indicating a decrease in the crystalline nature of
lumefantrine produced in a higher amorphous
matrix. This depicted that third-generation
formulations (N11 and N5) would exhibit better
stability since an increase in crystallinity
increases purity and stability, while the NAM-SDs
(N17) and the physical blend of (N20) were
amorphous. The higher amorphous nature
observed in NAM-SDs (containing Kollidon® VA
64) created higher spaces within the SDs for
lumefantrine entrapment to enhance the
physicochemical properties of the drug. This
agrees with an earlier report [19]. The high
antiplasmodial property of the formulation NAM-
SDs (N17) may be due to the amorphous
formulation produced which achieved higher
wettability, solubilization, dissolution, and then
higher in vivo drug absorption.

CONCLUSION
Neusilin®-based amorphous multicomponent
solid dispersions (NAM-SDs) enhance the

aqueous solubility, bioavailability and absorption
of lumefantrine. The NAM-SDs containing
Kollidon® VA 64 generate amorphous SDs with
higher antiplasmodial activity. The amorphous
state exhibits depicted a disarrayed structure
with greater thermodynamic force leading to
improved physicochemical characteristics and
bioavailability compared to other SD generations.
The DSC and WAXD show more solubilized and
less crystallinity (higher amorphous state) of
NAM-SDs indicating more pores for drug
entrapment and localization. Hence, lumefantrine
Neusilin® based amorphous multicomponent
solid dispersions is a potential drug delivery
carrier to improve the stability, solubility, and
bioavailability of the drug.
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