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This study aims to develop amorphous solid dispersion (ASD) of lumefantrine with a cost-effective
approach of spray anti-solvent precipitation. Four acidic polymers, hydroxypropylmethylcellulose
phthalate (HPMCP), hydroxypropylmethylcellulose acetate succinate (HPMCAS), poly(methacrylic acid
—ethyl acrylate) (EL100) and cellulose acetate phthalate (CAP) were studied as excipients at various
drug-polymer ratios. Of the studied polymers, satisfactory physical stability was demonstrated for
HPMCP- and HPMCAS-based ASDs with no observed powder X-ray diffraction peaks for up to 3 months
of storage at 40 °C/75% RH. HPMCP and HPMCAS ASDs also achieved greater drug release levels in the
dissolution study than other polymers. The HPMCP-based ASDs with a drug:polymer ratio of 2:8
exhibited a maximum drug release of 140 pg/mL for up to 2 h, which is significantly higher than the
currently marketed formulation of Coartem® (<80 ng/mL). Relatively, the CAP and EL100 ASDs indicated
a higher water content and crystallized within a day when stored at 40 °C/75% RH. The choice of polymer,
and the drug-polymer ratio played a crucial role in the solubility enhancement of lumefantrine. Our
study indicates that the developed spray anti-solvent precipitation method could be an affordable
approach for producing ASDs.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Different mechanisms have been proposed regarding how the
polymers inhibit crystallization of amorphous drugs, including

Due to an increase in the number of therapeutic compounds
characterized by poor aqueous solubility, formulation strategies for
enhancing drug solubility are in demand. Some commonly-used
strategies are amorphization, complexation, salt formation, and
micellization."” Drug amorphization is popular because it not only
enhances the drug solubility and dissolution rate but also results in
the generation of a supersaturated solution which creates higher
flux across the intestinal membrane.> However, the amorphous
state is thermodynamically unstable and may revert to the crys-
talline form. If this conversion is too rapid, the amorphous drug can
lose its dissolution advantage, causing quality and efficacy issues.
To inhibit crystallization, an amorphous drug is often formulated
with a polymer to form an amorphous solid dispersion (ASD).*”
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anti-plasticization,®” interactions between drug and polymer in a
dispersion,® ' reduced molecular mobility,'' and an increased
energy barrier for crystal nucleation.'>'®

Various processes such as anti-solvent precipitation,'* freeze-
drying,'® milling,'® solvent impregnation,'” etc have been applied to
manufacture ASDs. The most common industrial manufacturing
approaches for ASDs are spray drying and hot-melt extrusion
(HME)."®1° However, spray drying and HME have disadvantages.
Spray drying utilizes a large amount of organic solvents, which can
lead to challenges controlling the residual solvent content. The final
spray-dried product often has low bulk density and high electro-
static charge.”’ The use of HME requires the components to be
stable at high processing temperatures, making it difficult to pro-
cess thermolabile compounds. In addition, spray drying and melt
extrusion have a relatively high capital cost of equipment and often
require skilled personnel. In addition, the usage of a large volume of
organic solvent, maintenance of inert atmosphere, and collection of
the organic solvent for spray-dried formulations further add on to
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associated costs. Maintenance of high temperatures makes the
HME a method relatively expensive which inhibits their application
in under-developed and developing countries. The goal of this work
was to develop a preparation method for ASD which is associated
with lower costs. Therefore, an alternative method of anti-solvent
precipitation was explored in this study.

Antisolvent co-precipitation was one of the first routes
explored to evaluate amorphous dispersions.?">? This method has
been successfully used to formulate ASDs of poorly soluble drugs
on a small scale’®>?7 as well as industrial-scale.?®?° In this
method, a drug-polymer solution (usually in a non-volatile sol-
vent) is added to its anti-solvent (usually a cold aqueous solvent),
leading to the precipitation of ASDs. These ASDs are then washed
and dried. The drug-polymer system should be insoluble in the
anti-solvent, and the anti-solvent should be miscible with the
organic solvent used to dissolve drug and polymer. This method is
particularly advantageous for compounds exhibiting both low
solubility in volatile solvents and high melting points with a
propensity for degradation (of either the drug or polymer) at
elevated temperatures.'* As described, anti-solvent precipitation is
a simple method with a relatively cheaper manufacturing set-up
than spray drying or HME. This method requires less organic
solvent (relative to spray drying), and does not require mainte-
nance of inert ambiance due to the non-volatile nature of the
solvent. Therefore, even considering associated costs for main-
taining cold anti-solvent, washing/filtration to remove solvent
residue, and recovering ASDs, the anti-solvent precipitation
method is a cost-effective alternative to spray drying and HME.
Most importantly, since it requires a simple set-up with low
capital investment, it has a strong potential for a wider application
in developing countries.

However, anti-solvent precipitation poses its own challenges.
Firstly, it is crucial to determine the optimal solvent-anti-solvent
combination for the drug-polymer system of interest to obtain ASD
precipitation. Secondly, relative to other methods, anti-solvent
precipitation involves the use of an aqueous solvent to a much
higher extent and the ASDs are in contact with water for a longer
duration. Such higher exposure to moisture, which is a known
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factor accelerating the crystallization of amorphous drugs®®>! may

cause physical instability in ASDs by recrystallizing the drug. Hence,
it is essential to ensure that the aqueous solvent does not
compromise the drug amorphization process and that the residual
moisture is removed rapidly. In this study, the feasibility of pre-
paring ASDs by an anti-solvent precipitation method was studied
for lumefantrine.

Lumefantrine is an anti-malarial drug used in combination with
artemether (artemisinin derivative). Lumefantrine has poor ab-
sorption due to its low aqueous solubility (<80 ng/mL). The low
bioavailability of 4—11% often leads to high drug dosage, higher
treatment cost, and subsequently poorer patient compliance.>? Due
to the poor absorption of lumefantrine, there have been reported
cases of treatment failure.>>>* Therefore, it is crucial to develop
lumefantrine products with improved solubility and bioavailability.
Since malaria is prevalent in low-income countries, the low-cost
anti-solvent precipitation approach could be an affordable choice
to prepare ASDs of lumefantrine. The objectives of this study were
to (1) develop ASDs of lumefantrine by the anti-solvent precipita-
tion method; (2) characterize the ASDs regarding their physico-
chemical properties, drug release profile, and solid-state stability;
and (3) determine the optimal polymer choice and drug-polymer
composition for manufacturing ASDs of lumefantrine using anti-
solvent precipitation.

Materials

Lumefantrine was supplied by Euroasias (Mumbai, India).
Polymers used in the study were obtained from different sources:
poly(methacrylic acid—ethyl acrylate) (Eudragit L100) from
Degussa Rohm Pharma Polymers (Darmstadt, Germany), cellulose
acetate phthalate from Sigma-Aldrich (St. Louis, MO), hypromellose
phthalate (HPMCP-50) and hypromellose acetate succinate
(HPMCAS-MF) from Shin-Etsu Chemicals (Tokyo, Japan). The sol-
vent dimethylacetamide (DMA) was purchased from Sigma-Aldrich
(St. Louis, MO). The chemical structure of lumefantrine and poly-
mers are shown in Fig. 1.
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Fig. 1. Chemical structures of (a) lumefantrine, (b) HPMCP, (c) HPMCAS, (d) EL100, and (e) CAP.
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Methods
Preparation of ASDs

Lumefantrine (lum) ASDs were prepared using spray anti-sol-
vent precipitation with four acidic polymers: hypromellose
phthalate (HPMCP), hypromellose acetate succinate (HPMCAS),
cellulose acetate phthalate (CAP), and Eudragit L100 (EL100). For a
300 mg batch, drug and polymer (in 4:6 ratio) were dissolved in
5 mL dimethylacetamide (DMA) and the solution was sprayed using
an ultrasonic nozzle (Biichi Labortechnik AG, Falwil, Switzerland)
into 200 mL ice-cold acidified water (0.02 N HCI) while stirring. The
resulting aqueous suspension was vacuum-filtered to collect the
solid particles. The solids were placed in an open Petri dish and
dried in a Scienceware® vacuum desiccator from Sigma-Aldrich (St.
Louis, MO) with at room temperature. The duration of drying varied
between 12 and 100 h depending upon the sample. The drug-
polymer combinations exhibiting satisfactory stability and disso-
lution properties were investigated further with additional drug-
polymer ratios of 2:8 and 3:7. Pure amorphous lumefantrine, for
the purpose of analysis, was prepared by melt-quench method. For
this, 50 mg of lumefantrine was melted in an aluminum pan on a
hot plate at 150 °C and was then immersed in liquid nitrogen. It was
then powdered by grinding with mortar and pestle. The amorphous
state was confirmed by PXRD analysis (supplementary data).

Powder X-ray Diffraction (PXRD)

The X-ray diffraction profile of the powders was determined
using the Rigaku Smartlab™ diffractometer (Rigaku Americas, The
Woodlands, TX, USA). The instrument has a Cu-Ka radiation source
and a D/tex ultra detector. The samples were mounted on a glass
sample holder and staged on the instrument. The radiation source
was operated at 40 kV voltage and 44 mA current. The X-ray
diffraction patterns were obtained in a 20 range of 4—40° at a scan
speed of 4°/min and a resolution of 0.02°.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra of powder samples were obtained using a Vertex 70
IR Spectrophotometer (Bruker Optics, Billerica, MA, USA) with a
golden gate attenuated total reflectance (ATR) accessory (Specac,
Fort Washington, PA, USA). Dry air was purged through the ATR cell
and the detector unit during the analysis. A background scan was
recorded before each sample measurement and the spectra were
obtained in the range of 400—4000 cm™". Each spectrum was ob-
tained as an average of 64 scans.

X-ray Photoelectron Spectroscopy (XPS)

XPS (AXIS Ultra DLD spectrometer, Kratos Analytical Inc., Man-
chester, UK) analysis was performed to determine the surface
composition of ASD solids. Monochromatic Al Ko radiation
(1486.6 eV) was utilized for high-resolution (with a pass energy of
20 eV) and survey spectra (with a pass energy of 160 eV). In order to
avoid non-homogenous electric charging of powder sample and to
obtain higher resolution, a commercial Kratos charge neutralizer
was employed. The instrument resolution was approximately
0.35 eV at pass energy of 20 eV. Calibration of binding energy (BE)
values was performed using Au 4f7; at 84.0 eV and Cu 2p3); at
932.67 eV. Powder samples were attached to a stainless-steel
sample holder using copper tape.

XPS data analysis was conducted using CasaXPS software
(version 2313 Dev64). First, the C—C component of the C 1s peak
was fixed to 284.6 eV BE for charge correction. Thereafter, from the

reference peaks of pure compounds, a Shirley background correc-
tion was made. Finally, the CasaXPS software was used to factor in
the Scofield atomic sensitivity and inelastic mean free path of
photoelectrons to estimate the atomic concentration of elements
on the surface, i.e. approximately 10 nm.

Differential Scanning Calorimetry (DSC)

The thermal characteristics of ASDs and pure materials were
determined using a modulated DSC (Q2000 model, TA Instruments,
New Castle, DE, USA). The samples were purged with dry nitrogen
gas at 50 mL/min during analysis. The instrument was calibrated
using indium and tin. About 3—5 mg of sample, was placed in a
non-hermetically sealed aluminum Tzero pan (TA Instruments,
New Castle, DE, USA), was first cooled to —25 °C and then heated to
200 °C at a heating rate of 5 °C/min and modulation of 2 °C every
60 s. The Universal Analysis 2000 software was used to determine
the glass transition temperature (Tg) by analyzing reversible heat
flow.

Thermogravimetry (TGA)

The weight change of ASD powder samples as a function of
temperature was determined using a PerkinElmer TGA 4000 ther-
mogravimetric analyzer (Waltham, MA, USA). About 4—6 mg of
sample was placed in a ceramic sample cup and heated up to 170 °C
at a rate of 10 °C/min. The sample chamber was continuously
purged with nitrogen gas at a flow rate of 20 mL/min during the
analysis. Triplicate measurements were conducted for each batch
and results were averaged. The ASD water content was estimated
by calculating the percent loss in weight between 35 °C and 170 °C.

Scanning Electron Microscopy

The particle morphology of ASD powders was examined using a
NOVA nanoSEM, a field emission scanning electron microscope (FEI
Company, Hillsboro, OR, USA). A small amount of powder sample
was attached to a stainless-steel sample holder using double-sided
carbon tape. Excess particles were removed using pressurized air.
The attached sample was then coated with platinum using a sputter
coater for 60 s (208 HR, Cressington Sputter Coater, Watford, WD,
UK). The sample holder with the coated sample was then placed in
the SEM instrument. The instrument was operated using the
accompanying software and images of the powder samples were
captured at various magnifications.

Particle Size Distribution

The particle size distribution of powders was determined using
a Malvern Mastersizer 3000, a laser diffraction-based instrument
(Malvern, UK). HYDRO LV - a liquid-based dispersion accessory -
was used to disperse the powder sample for analysis. Because the
lumefantrine ASDs are insoluble in acidified water, we used acidi-
fied water (0.02 N HCl, pH 1.7) as the powder dispersant. The in-
strument initialization, laser alignment, and background
measurement were executed prior to each sample measurement
using the instrument software. To start the measurement, each
sample was manually added into the dispersant under constant
stirring and circulation in the diffraction cell. The sample was
added until the laser obscuration value was reached and stabilized
within a range of 5—20% prior to executing the sample measure-
ment. For each sample, the size distribution was measured in
triplicate and average distribution data were generated. The
average percentile sizes dqg, dso, and dgg were obtained for each
sample.
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Dissolution

The dissolution study of lumefantrine ASDs was performed in
100 mL of 50 mM pH 6.8 phosphate buffer contained in a jacketed
100 mL beaker. The dissolution media was maintained at 37 °C and
stirred at 300 rpm. The ASD powders containing 20 mg drug were
added into the dissolution media. Non-sink conditions were
maintained to evaluate the extent of supersaturation genera-
tion.>>>% During dissolution, about 1 mL of the solution was with-
drawn and replaced with 1 mL of the buffer at various time points
up to 2 h. The withdrawn samples were filtered using a 0.22-pm
nylon syringe filter before HPLC analysis. The dissolution profile
was calculated by taking the mean of triplicate samples.

HPLC analysis of lumefantrine was performed using an Agilent
HPLC 1260 Infinity II system (Agilent Technologies, Santa Clara, CA)
equipped with a diode array detector. The method is modified from
the previous reports.>” An Agilent Eclipse Plus C18 column (5 pm,
150 x 4.6 mm, Agilent, Waldbronn, Germany) was used at 25 °C.
The mobile phase was a 75:25 v/v mixture of acetonitrile and
30 mM pH 2.5 sodium sulfate buffer with an isocratic flow of 1 mL/
min. The wavelength used for lumefantrine detection was 380 nm
and the retention time for lumefantrine was 3.9 min. A calibration
curve was prepared for lumefantrine (R* > 0.999) with concen-
trations ranging from 1 to 500 pg/mL.

Statistical Analysis

One-way analysis of variance (ANOVA) and Tukey's honestly
significant difference (HSD) tests (o = 5%) were used to determine
the statistical difference between different samples. The statistical
analysis was conducted using SAS 9.4 software (SAS Institute Inc.,
Cary, NC, USA). The data are presented as mean =+ standard
deviation.

Results
Dispersion Crystallinity

The PXRD diffractograms of ASDs obtained immediately
following the drying indicated no crystallinity, based on an absence
of diffraction peaks, at drug-polymer ratios of 4:6 for HPMCP,
HPMCAS, and CAP; while ASDs with EL100 showed small peaks
(Fig. 2) consistent with crystalline lumefantrine (Fig. S1). Even
lower drug-polymer ratios with EL100 (2:8 and 3:7) showed
diffraction peaks consistent with the crystallization of lumefantrine
immediately upon preparation (data not shown). Since preliminary
results showed that the HPMCP- and HPMCAS-based ASDs had
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Fig. 2. X-ray diffraction patterns of lumefantrine dispersions with various polymers at
a drug:polymer ratio of 4:6 as prepared by anti-solvent precipitation immediately after
preparation.

better stability over other polymers, additional drug-polymer ratios
of 2:8 and 3:7 were prepared and further investigated for these two
polymers. ASDs with drug-polymer ratios of 2:8 and 3:7 for HPMCP
and HPMCAS did not show diffractions peaks after preparation
(Fig. 3). The physical stability of ASDs prepared with HPMCP,
HPMCAS, and CAP was further studied at the accelerated storage
condition of 40 °C/75% RH for three months.

The ASD with lumefantrine:CAP at a ratio of 4:6 began to crys-
tallize within the first day of storage as shown in Fig. 4. However,
there was no increase in the diffraction peak areas over a period of 3
months under accelerated storage conditions. Also, the dispersion
did not develop crystallinity over three months when stored under
a vacuum. The 2:8, 3:7, and 4:6 lumefantrine:HPMCP dispersions
showed no crystallinity over 3 months of storage, indicating pro-
longed retention of the amorphous state. Similarly, no peaks were
detected for the 2:8, 3:7, and 4:6 HPMCAS-based dispersions for 3
months. The PXRD diffractograms of all of the HPMCP and
HPMCAS-based dispersions after 3 months of storage at 40 °C/75%
RH are shown in Fig. 4. In summary, HPMCP and HPMCAS-based
solid dispersions were found to be relatively stable.

Fourier Transform-Infrared Spectroscopy (FTIR)

A carbonyl peak of the polymer shifted to higher wavenumbers
after the formation of dispersion with lumefantrine (Fig. 5). How-
ever, the extent of the shift varied for different polymers. The most
remarkable shift was in the 4:6 lum:CAP ASD, which showed a
dominant carbonyl peak at 1733 cm~! in the dispersion, relative to
the main carbonyl peak at 1675 cm™! in the neat CAP polymer. A
similar shift in the main carbonyl peak was observed in the EL100
dispersion from 1707 to 1725 cm™'. However, only minor changes
were observed for HPMCP and HPMCAS dispersions. The spectra of
dispersions with 20% and 30% drug loading for HPMCAS and
HPMCP were similar to that of a corresponding 40% drug loading. It
should be noted that all of the polymers contain carbonyl groups
arising from two functional groups; an ester or an acid group. The
spectrum of neat CAP clearly shows that the main carbonyl peak
has a notable shoulder (at a higher wavenumber), consistent with
two chemically distinct carbonyl groups. Further, the change in the
peak ratio in the lumefantrine dispersion further suggests an
interaction of the polymer with the drug that changes the chemical
environment of one of the carbonyl groups. For other polymers, it is
not possible to resolve two carbonyl peaks in the neat polymers,
although subtle differences to peak shape in the presence of
lumefantrine again suggest changes in the chemical environment
of the carbonyl groups. Given the acidic functional groups in the
polymer, the basic nature of lumefantrine, and the changes in the IR
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Fig. 3. X-ray diffraction patterns of lumefantrine dispersions with HPMCP and
HPMCAS at a drug:polymer ratio of 2:8 and 3:7 as prepared by antisolvent precipi-
tation immediately following preparation.
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Fig. 4. X-ray diffraction patterns of selected dispersions after storage at 40 °C/75% RH
for up to 3 months.

spectrum, additional probing of the exact nature of the drug-
polymer interaction is warranted. Consequently, XPS analysis was
performed to evaluate the ionization state of lumefantrine.

X-ray Photoelectron Spectroscopy (XPS)

Samples were analyzed using XPS in order to further evaluate
the interaction of polymer and lumefantrine. As observed previ-
ously, neat lumefantrine shows a single N1s peak with a binding
energy at 399 eV. However, if the nitrogen is protonated due to the
presence of the acidic polymers, a second N1s peak emerges with a
binding energy of 402 eV.>%3° This higher binding energy is
consistent with the greater energy required to remove electrons in
the presence of a positive charge. Peak fitting was performed on the
XPS data to calculate the percentage of protonation. Table 1 shows
the extent of protonation of the tertiary nitrogen of lumefantrine in
the various ASDs. A significant protonation of the nitrogen by
polymers can be seen for the ASDs, relative to the amorphous
lumefantrine alone. The most protonation was seen in the HPMCP
and EL100 systems, followed by CAP. HPMCAS was the least pro-
tonated amongst the ASDs. There also appears to be some

Table 1
Average Percent Protonation of Lumefantrine in ASDs (n = 3).

Sample % Protonation
2:8 Lum:HPMCP 42 +3

3:7 Lum:HPMCP 40 + 2

4:6 Lum:HPMCP 37+3

2:8 Lum:HPMCAS 37+4

3:7 Lum:HPMCAS 35+7

4:6 Lum:HPMCAS 14+2

4:6 Lum:CAP 32+2

4:6 Lum:EL100 38+4
Amorphous lumefantrine 3x1

correlation between the extent of polymer loading and lumefan-
trine protonation, where the extent of protonation increases with
an increase in polymer loading.

Thermal Analysis

The glass transition temperature (Tg) and the water content of
various dispersions are summarized in Table 2 and Fig. S2. Except
for EL100 ASDs, no melting peak was observed for any of the dis-
persions, indicating that the drug was amorphous at all the studied
drug loadings for HPMCP, HPMCAS, and CAP. At the 4:6 drug-
polymer ratio, the Tg values of HPMCP and HPMCAS ASDs were
between the Tg of neat amorphous drug and neat polymer. The Tg
values of CAP ASD were similar to those of HPMCAS ASDs, even
though neat CAP exhibits a much higher Tg than pure HPMCAS. This
could be due to the higher water content of CAP ASDs. The average
water content of the ASDs ranged from 4 to 6%, except for the 4:6
CAP dispersion, which had approximately 10%. The higher water
content in the CAP dispersion could also be responsible for rapid
crystallization under the accelerated storage conditions.

The ASDs with HPMCP showed higher Tg values than ASDs with
different polymers at each drug loading. The thermal analysis re-
sults were in general agreement with the PXRD results, suggesting
that HPMCP-based lumefantrine solid dispersions were more
physically stable than HPMCAS and CAP dispersions. The EL100-
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Fig. 5. FTIR Spectra of carbonyl regions (1500—2100 cm~") of (a) amorphous lumefantrine, (b) pure polymer, and (c) ASDs.
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Table 2
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Glass Transition Temperature (Tg) and Moisture Content of Lumefantrine Dispersions with T, Values of Pure Polymer and Drug (n = 3).

Samples Tg (°C) 2:8 Lum:Polymer 3:7 Lum:Polymer 4:6 Lum:Polymer
Ty (°0) % Moisture Content Tg (°C) % Moisture Content Ty (°C) % Moisture Content
Lum 18 - - - - - -
HPMCP 150 88 +2 5+0 112+ 19 5+0 110+ 5 4+1
HPMCAS 117 45+ 2 5+ 101 + 22 6+0 87 x1 5+0
CAP 133 Not performed 82+4 9+0

The EL100 based ASDs and lower drug loadings of CAP-based ASDs were not tested due to the poor stability profile exhibited in the earlier studies.

based ASD appeared the least stable of the tested formulations and
hence were excluded from further studies.

Particle Morphology and Size Distribution

The representative SEM images of ASDs are shown in Fig. 6. The
ASD particles were irregularly shaped and exhibited a tendency to
aggregate, creating a larger particle size. Particle size is an impor-
tant factor in the dissolution performance of ASDs. In order to
measure the extent of particle size increase upon drying and to
characterize the particle size for further dissolution studies, the
particle size distribution of each ASD dispersion was measured at
two stages of preparation: (i) immediately after anti-solvent pre-
cipitation (i.e. in the suspension form before drying), and (ii) after
vacuum drying. The dried powder form was utilized for dissolution
studies. The particle size distributions of all samples are summa-
rized in Table 3. For all the HPMCAS and CAP ASDs, vacuum-dried
particles showed significantly larger sizes than the corresponding
suspension form. For 2:8 and 4:6 HPMCP ASDs, the vacuum-dried
form showed higher values of dig and dsg than the corresponding
suspension form; however, the dgp values were similar for both
forms. Interestingly, 3:7 HPMCP ASD showed higher percentile
sizes in the suspension form than the vacuum-dried form.

Dissolution

The drug dissolution profiles of 4:6 lum-polymer dispersions in
100 mL of 50 mM pH 6.8 phosphate buffer are shown in Fig. 7. The
amount of lumefantrine drug released from HPMCP and HPMCAS
ASDs after 30 min exceeded the drug's amorphous solubility of

4:6 - Lum:HPMCAS

3:7 - Lum:HPMCP

3:7 - Lum:HPMCAS

2 pug/mL. In contrast, no drug release was detected for CAP ASD after
2 h. At a drug-polymer ratio of 4:6, HPMCAS ASD dissolved rapidly
and reached a plateaued drug concentration after 1 h. The disso-
lution of 4:6 HPMCP ASD occurred steadily with a monotonic in-
crease in drug concentration over time. After 2 h of dissolution,
HPMCAS and HPMCP ASDs reached a drug concentration of 18.4
and 23.3 pg/mL respectively. These two ASDs showed a substan-
tially higher drug release relative to Coartem®.

The dissolution performance was also determined at a drug/
polymer loading of 2:8 and 3:7 for HPMCP and HPMCAS (Figs. 8 and
9). The drug release increased with increasing polymer fraction in
both instances. HPMCP provided a significantly higher drug release
than HPMCAS for each drug-polymer ratio. At the 2:8 drug/polymer
ratio, HPMCP had a final drug concentration of 208 pug/mL at 2 h
while HPMCAS reached 143 pg/mL. Both ASDs showed rapid drug
release in the first hour followed by a slower rate of release. At the
end of 2 h, the 2:8 HPMCP ASD attained almost 100% drug release
while the 2:8 HPMCAS ASD released 71% of the drug. At the 2:8
ratio, the HPMCP and HPMCAS-based ASDs released about 100- and
60-times more lumefantrine into the solution than the lumefan-
trine amorphous solubility (1.8 pg/mL).

The release performance at the 3:7 drug-polymer ratio shows
significant improvement over the 4:6 ratio for both polymers. The 3:7
lum-HPMCP ASD released drug at a steady rate to reach a final con-
centration of 132.6 pug/mL. The 3:7 HPMCAS ASD dissolved rapidly in
the first hour followed by a slower dissolution rate before attaining a
final released concentration of 84.8 ng/mL. At this drug-polymer ra-
tio, the percent drug release after 2 h was 66% for HPMCP and 42% for
HPMCAS. The smaller particle sizes of HPMCP ASDs relative to the
corresponding HPMCAS ASDs may explain their better dissolution.
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Fig. 6. Representative SEM images of lumefantrine ASDs.
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Table 3
Particle Sizes and Span of ASDs Before and After Vacuum Drying (n = 3).
Polymer Drug % dqp (um) dsp (um) dgp (um) Span
HPMCP 20% 36.8 +1.6 139.0 + 9.9 335.0 + 335 215+0.1
30% 295 +0.3 992 +14 268.0 + 5.7 240 + 0.0
40% 319+ 06 116.0 + 3.6 378 £ 29.5 2.98 +0.2
HPMCP Dried 20% 60.8 + 0.4 160 + 1.4 367 +11.8 191 + 0.1
30% 198 + 0.3 715 +08 213 +11.0 2.7 +0.1
40% 439 + 2.2 147 + 8.6 563 + 161.3 3.53+08
HPMCAS 20% 195+ 0.2 62 + 2.1 197.0 + 24.1 2.86 +£0.3
30% 193 +0.7 56.2 + 4.9 156.0 + 22.8 243 +02
40% 189 + 0.1 65.0 + 2.2 1710+ 7.0 234 +00
HPMCAS Dried 20% 68.7 + 8.7 1180 + 90.0 2505 + 15.0 2.06 £ 0.2
30% 172 + 49 444 + 37.7 1870 + 335.1 3.82+05
40% 756 + 1.7 366 + 16.9 1130 + 131.0 2.88 +04
CAP 40% 24+ 1.1 76.7 £ 5.9 183 + 20.2 2.07 £ 0.1
CAP Dried 40% 28.1+03 141 + 6.8 575 + 404 3.88 + 0.1

Powder Flow Property

Since amongst the tested stable formulations, 2:8 Lum:HPMCP
dispersions indicated almost complete drug release, and 4:6
Lum:HPMCP dispersions exhibited maximum drug release at a high
drug load of 40% w/w, they were further assessed for their powder
flow properties. The flowability was measured using Carr's
compressibility index (CI) and Hausner's ratio (HR). The CI and HR
values for 2:8 Lum:HPMCP dispersions were 71 + 1.2% and
11 + 0.0% respectively, whereas CI and HR values for 4:6
Lum:HPMCP dispersions were 6.3 + 3.7% and 1.1 + 0.0% respectively
(Table S1). These results indicate that this manufacturing approach
leads to powders of excellent flow behavior and compressibility
properties.

Discussion

The study demonstrated that the choice of polymer critically
affected the physical stability of lumefantrine ASDs prepared by
anti-solvent precipitation. Over the duration of the stability study
(3 months), HPMCP and HPMCAS dispersions showed no crystal-
lization at the tested drug loadings. This is a surprising behavior
considering the involvement of water as an anti-solvent. Signifi-
cantly higher water content in the CAP dispersion after drying
could be a reason for the rapid crystallization within a day of
storage. EL100-based ASDs did not have a high moisture content
after drying but these dispersions took much longer to dry (4 days)
than others (~12 h). Such prolonged contact of the amorphous drug
with water is known to enhance the risk for crystallization and
instability.*® In order to overcome the challenges that aqueous
solvent poses to ASDs, there have been studies in the past which
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=E‘ 25 4 . .
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Fig. 7. Drug dissolution profiles of Coartem® and 4:6 Lum:polymer dispersions with
HPMCP, HPMCAS, and CAP in 100 mL of 50 mM pH 6.8 buffer (n = 3).

used organic solvents only for anti-solvent precipitation process.*’
However, this approach was not explored in this study because this
could add to the potential costs of lumefantrine ASD products
prepared using this method, and because stable lumefantrine ASDs
with good dissolution performance were formulated with HPMCP
and HPMCAS polymers even while using the aqueous solvents. In
future studies, a more efficient drying system should be considered
to reduce the ASD contact time with water.

The polymers have much higher Tg values than the drug in this
study. It is interesting that Tg value of 2:8 Lum:polymer ASD is
much lower than those of 3:7 Lum:polymer and 4:8 Lum:polymer.
It seems the Tg values of our ASD systems are affected by a set of
factors rather than just according to the ratio of drug and polymer.
Theoretically, a miscible ASD system should have a Tg value that is
between the Tg of the neat drug and neat polymer.**~*? The pres-
ence of water could decrease the Tg*’; however, in our study
moisture contents of different ASDs are similar, which unlikely
contribute to the Tg difference significantly. Other factors including
formation of ionization may also affect the Tg of the ASDs.***
Further studies are warranted to explore such surprising
phenomenon.

Interestingly, in a previous study where ASDs were prepared using
the solvent evaporation technique, where no aqueous solvents were
involved, a strong correlation was found between the degree of pro-
tonation in lumefantrine and its physical stability. The ASDs having a
higher extent of lumefantrine protonation exhibiting better stabil-
ity.>° However, in this study at the 4:6 drug:polymer ratio, the extent
of protonation in lumefantrine in the ASDs with different polymers
was ranked HPMCP > EL100 > CAP > HPMCAS > amorphous lume-
fantrine, while the order of lumefantrine stability was
HPMCP > HPMCAS > CAP > EL100 > amorphous lumefantrine. From

—-2:8 - Lum:HPMCP
——3:7 - Lum:HPMCP

—8—4:6 - Lum:HPMCP

Drug concentration (pg/mL)

0 50 100 150
Time (min)

Fig. 8. Drug dissolution profiles of 2:8, 3:7 and 4:6 Lum:HPMCP dispersions in 100 mL
of 50 mM pH 6.8 buffer (n = 3).
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Fig. 9. Drug dissolution profiles of 2:8, 3:7 and 4:6 Lum:HPMCAS dispersions in
100 mL of 50 mM pH 6.8 buffer (n = 3).

these results, a correlation is not observed between the degree of
protonation in lumefantrine and ASD stability. However, it is note-
worthy that both CAP- and EL100-based systems, which both
exhibited higher degrees of lumefantrine protonation, also had higher
moisture contents or were exposed to moisture for a longer time due
to slow drying rates. When no aqueous solvent was involved in the
preparation process, EL100 and CAP based lumefantrine ASDs
exhibited much higher stability (>30 days under accelerated storage
conditions),> than when the aqueous solvent was involved like in this
study. A high moisture content or prolonged exposure to moisture
could have been a cause of instability in these ASDs. On the other
hand, the HPMCP- and HPMCAS-based ASD systems with a higher
protonation than amorphous lumefantrine do exhibit higher stability.
Thus, a higher degree of tertiary nitrogen protonation in lumefantrine
may confer greater stability to the ASD while the presence of high
moisture content negatively affects stability.

The HPMCP- and HPMCAS-based systems exhibited maximum
drug release amongst the tested ASDs. At the 2:8 drug-polymer
ratio, the HPMCP-based ASD showed a final drug concentration of
208.4 pg/mL while the corresponding HPMCAS-based ASD reached
142.8 pug/mL. These values are 100- and 60- times higher than the
lumefantrine's amorphous solubility of 1.8 pg/mL. At a higher drug
load of 3:7 drug-polymer ratio, HPMCP exhibited a drug release of
132.6 pg/mL. The relatively poorer drug release from the CAP-based
ASDs was also seen in previous studies where CAP-based ASDs had
a low lumefantrine release. Trasi et al. found that at 40% drug load,
the lumefantrine-CAP system exhibited an incongruent release
pattern, wherein the polymer released rapidly but the drug
released very slowly. They also discovered that decreasing drug
loads below 40% in the CAP-based ASDs achieved greater lume-
fantrine release.>” This poor drug release from the CAP-based ASDs
could be related to the stronger drug-polymer interactions as seen
from the high degree of protonation observed for this system.
However, more studies are warranted to better understand this
phenomenon.

Conclusions

In this study, we have successfully prepared stable lumefantrine
ASDs with substantially improved dissolution using a spray anti-
solvent precipitation method. The results indicate that the choice
of polymer and drug-polymer ratio played an important role in the
physical stability and dissolution behavior of lumefantrine ASDs.
The stability of the ASDs was reduced by the presence of moisture
during manufacturing or storage. The ASD with the drug:HPMCP
ratio of 2:8 showed the best stability and drug release. Our study
demonstrated that spray anti-solvent precipitation is a viable and

economical approach to manufacture amorphous solid dispersions
with satisfactory physical stability and drug release.
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