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A Water-Soluble Polymer-Lumefantrine Conjugate for the
Intravenous Treatment of Severe Malaria

William M.R. Matshe, Lesego L. Tshweu, Sindisiwe Mvango, Zamani E.D. Cele,
Avashnee S. Chetty, Lynne A. Pilcher, Ibukun M. Famuyide, Lyndy J. McGaw, Dale Taylor,
Liezl Gibhard, Gregory S. Basarab, and Mohammed O. Balogun*

Uncomplicated malaria is effectively treated with oral artemisinin-based
combination therapy (ACT). Yet, there is an unmet clinical need for the
intravenous treatment of the more fatal severe malaria. There is no
combination intravenous therapy for uncomplicated due to the nonavailability
of a water-soluble partner drug for the artemisinin, artesunate. The currently
available treatment is a two-part regimen split into an intravenous artesunate
followed by the conventional oral ACT . In a novel application of polymer
therapeutics, the aqueous insoluble antimalarial lumefantrine is conjugated to
a carrier polymer to create a new water-soluble chemical entity suitable for
intravenous administration in a clinically relevant formulation . The conjugate
is characterized by spectroscopic and analytical techniques, and the aqueous
solubility of lumefantrine is determined to have increased by three orders of
magnitude. Pharmacokinetic studies in mice indicate that there is a
significant plasma release of lumefantrine and production its metabolite
desbutyl-lumefantrine (area under the curve of metabolite is ≈10% that of the
parent). In a Plasmodium falciparum malaria mouse model, parasitemia
clearance is 50% higher than that of reference unconjugated lumefantrine.
The polymer-lumefantrine shows potential for entering the clinic to meet the
need for a one-course combination treatment for severe malaria.

1. Introduction

Malaria is an ancient infectious disease that is still one of
the deadliest today. Although it has been eliminated in ≈40
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countries—the most notable recent one be-
ing China—success against the disease has
been mixed and uneven. Myanmar, Laos,
Vietnam (three countries that share borders
with China), and much of the African con-
tinent remain malaria endemic. With 95%
of global malaria cases, Sub-Sahara African
countries continue to bear a disproportion-
ate burden of the disease.[1] Nigeria alone
accounts for ≈27% of global infections and
along with five other African countries, ac-
counted for just over half of deaths in 2020.

Malaria is caused by the protozoan Plas-
modium spp. Of the six species that in-
fect humans, P. falciparum is responsible
for over 99% of cases in Africa and >50%
of cases in other malaria-endemic regions.
P. falciparum infection can progress to se-
vere or complicated malaria, which presents
distinct symptoms that include cerebral
malaria, renal and other organ failures, pul-
monary edema, hypoglycemia, severe ane-
mia, and acidosis that often lead rapidly to
unconsciousness and death if not managed
adequately.[2,3]

Severe malaria is treated with a two-
part regimen. Firstly, an intravenous course

of artesunate (a water-soluble artemisinin derivative) is admin-
istered for 24 h or until it is safe to take substances orally.[4,5]

The second part of the treatment is an oral artemisinin-based
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combination therapy (ACT). The use of a monotherapy that
effectively alleviates the serious clinical symptoms of patients
could ironically increase the risk of non-compliance with the
additional full three-day course of ACT.[6] This would expose
the artemisinins to a higher risk of drug resistance from the
malaria parasites.[7–9] One strategy to minimize this risk and
ensure treatment completion would be to administer an intra-
venous ACT treatment from the outset that could render the
follow-up oral course unnecessary. Intravenous ACT treatment
would require a water-soluble partner drug to combine with
artesunate.

Lumefantrine belongs to the class of antimalarials known as
arylamino alcohols. First synthesized by the Chinese military
in the 1970s, it was registered for the treatment of malaria in
1987. It has only been administered orally in combination with
an artemisinin-based drug. Its main role is to clear residual or
slow-maturing parasites that might have evaded the faster-acting
artemisinin. Lumefantrine has been found to attenuate resis-
tance to the artemisinins and demonstrates synergistic activity
with artemether in particular.[10] Combination of lumefantrine
with artesunate in a single intravenous treatment for severe
malaria would serve as a strategic bulwark against the increas-
ing risk of resistance to the entire ACT. However, with the low
aqueous solubility of 3.0 × 10−5 mg ml−1 for lumefantrine, this
has not been an option. An attempt to develop an intravenous
formulation of lumefantrine was reported by Prabhu et al.[11] Al-
though the increase in aqueous solubility achieved was not re-
ported, the combination was used in the treatment of a murine
model of severe malaria where the animals were infected with
the non-human P. berghei parasite. NLCs are particulate lipid
encapsulation of hydrophobic drugs that are solubilized by an
interfacial corona of surfactants. Polymorphic changes in the
lipid core can cause premature release of the entrapped drug.[12]

Encapsulated nanoparticles are also known to experience chal-
lenges with stability during storage and in vivo performance,
the latter presumably due to slow release/low free fraction of
drug.[13–16]

Conjugation of hydrophobic drugs to water-soluble polymers
is used to increase solubility and improve pharmacokinetics.[17,18]

Many of the major anticancer drugs like camptothecin, paclitaxel,
and doxorubicin have been conjugated to hydrophilic polymers
and have seen their solubilities increased such that they can be
administered as aqueous formulations.[19–21] The application of
polymer-drug conjugation in malaria chemotherapy has however
been limited to a few drugs like dihydroartemisinin (DHA) and
primaquine.[22,23] Polymer-DHA conjugates have mostly been in-
vestigated as potential anticancer therapeutics rather than as an-
timalarials. Recently, a polymeric prodrug of lumefantrine was
synthesized and used to encapsulate artemether in an unsuccess-
ful attempt to demonstrate a potential ACT nanomedicine.[24]

There was also no indication of the degree of aqueous sol-
ubility achieved from conjugating lumefantrine to the water-
soluble block copolymer of poly(N-vinylpyrrolidone) and poly(𝛼-
allylvalerolactone), and the nanoaggregate combination showed
no antiplasmodial activity in vitro, which was attributed to slow
aggregate disassembly. We report the development of a polymer-
lumefantrine conjugate and demonstrate its therapeutic poten-
tial by intravenous administration in a clinically relevant aque-

ous formulation to mice infected with the P. falciparum human
parasite.

2. Experimental Section

Lumefantrine (99%) was purchased from DB Fine Chemi-
cals Pty Ltd (South Africa). Dimethylformamide (DMF, anhy-
drous 99.8%), dimethylaminopyridine (DMAP, >99%), diiso-
propylethylamine (DIEA, >99%), diisopropylcarbodiimide (DIC,
>99%), hydroxybenzotriazole (HOBt, >97%), dichloromethane
(DCM, ACS grade, >99%), acetonitrile (ACN, HPLC grade,
>99%), acetone (>90%), methanol (MeOH, HPLC grade, >98%),
formic acid (HPLC grade, >98%) were all purchased from ei-
ther Sigma-Aldrich Ltd (South Africa) or CRD Chemicals Pty
Ltd (South Africa). All other reagents and solvents, unless oth-
erwise stated, were purchased from Sigma-Aldrich Ltd (South
Africa). Gases were purchased from Afrox and Air Products,
South Africa. Phosphate buffer and phosphate-buffered normal
saline were used at pH 7.4.

p-N-acryloylmorpholine-stat-p-acrylic acid (PNAM; Mn =
17 KDa, Ð = 1.13, DP = 100) was received as a generous dona-
tion from Dr. Joaquin Sanchis and Ms. Sun Cheng of Monash
Australia. Its molar mass distribution curve is presented in the
Supporting Information data Figure S1.

The proton nuclear magnetic resonance (1H NMR) spectra
were acquired on a Bruker 400 AVANCE Ultrashield+ instru-
ment (Bruker, United Kingdom) at 295.4 K, with test samples
prepared in deuterated chloroform (CDCl3). The data were pro-
cessed with Mestrenova software version 6.2.2-5475. Fourier
Transform Infrared spectroscopy (FT-IR) spectra were acquired
on Perkin Elmer Spectrum 100 (USA) within a range of 650–
4000 cm−1 with four scans performed for each sample at a resolu-
tion of 4 cm−1. Ultraviolet/visible light (UV/Vis) absorptions were
measured on a Mettler Toledo UV5Bio UV/Vis spectrophotome-
ter (Mettler Toledo, Switzerland). Malvern Zetasizer Nano-ZS90
(Malvern Instruments, United Kingdom) was used to determine
the hydrodynamic size and zeta potential.

2.1. Chemistry

2.1.1. Synthesis of PNAM-Lumefantrine Conjugate

To a stirring solution of PNAM (200 mg, 0.015 mmol) in an-
hydrous DMF (5 ml) was added DIC (58.23 mg, 0.46 mmol),
HOBt (62.34 mg, 0.46 mmol) and DMAP (0.01 mmol). The re-
action mixture was basified with DIEA, lumefantrine (16.30 mg,
0.031 mmol) added and left to stir under N2 gas at 35 °C in the
dark. After 48 h, the reaction was stopped with the removal of
DMF in vacuo at 5 mBar. Phosphate buffer (10 ml) was added to
the crude slurry and left to stir for 1 h at 35 °C. The suspension
was centrifuged at 21 000 x g for 1 h at 5 °C and the supernatant
was withdrawn, and dialyzed in phosphate buffer with a PUR-A-
LYZER membrane dialysis kit (MWCO: 1 kDa) at room tempera-
ture (20 °C – 25 °C) for 72 h with three changes of the buffer. The
pure PNAM-Lumefantrine conjugate was obtained as a yellowish
powder after lyophilization.
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2.2. In Vitro Assays

2.2.1. In Vitro pLDH Antiplasmodial Assessments

The half maximal inhibitory concentration (IC50 ) of the PNAM-
Lumefantrine conjugate was determined using a 3D7 strain of
P. falciparum in an established enzymatic assay that involves the
parasite lactate dehydrogenase (pLDH), which is distinguishable
from the host’s enzyme.[25] Lactate dehydrogenase is an enzyme
found in all cells, and it catalyzes the conversion of lactate to
pyruvate with the reduction of the coenzyme nicotinamide ade-
nine dinucleotide (NAD) to NADH. In parasites, the NAD ana-
log APAD (3-acetylpyridine adenine nucleotide) is reduced to
APADH and upon this reduction, the yellow NBT/PES (nitro blue
tetrazolium+ phenazine ethosulphate) is converted to purple for-
mazan crystals. The formation of these crystals is indicative of
the pLDH activity and the survival of parasites. Before conduct-
ing the assay, an assessment of parasitemia levels of parasitized
red blood cells (pRBCs) was conducted. Parasitemia counts were
done in areas within the vision grid of a microscope lens where
RBCs were evenly spread on Giemsa-stained glass slides. The
number of parasite-infected cells and total RBCs in the vision
grid were respectively counted 10 times at random across the
slide. The per cent (%) parasitemia was determined with the
formula:

%Parasitemia =
RBCs infected with parasite
9 × RBCs in small square

× 100% (1)

Parasitemia level was adjusted to 2% before the pLDH an-
tiplasmodial assay. See Supplementary information for detailed
protocol.

A stock solution of PNAM-Lumefantrine (20 mg ml−1) was pre-
pared in phosphate-buffered saline (PBS) solution. From this, ten
serial dilutions of concentrations between 100 μg ml−1 and 5.13
× 10−3 μg ml−1 were prepared for the dose-response studies. The
reference standards (chloroquine and artemisinin) were also pre-
pared at 20 mg ml−1 and tested at 1000 ng ml−1 – 0.051 ng ml−1 di-
lutions. To each serially diluted test compound in a 96-well plate,
100 μl of 2% parasitemia at 2% hematocrit suspension was added,
except for the control wells. The plates were then placed in a con-
tainer, gassed with a special gas mixture (90% N2, 5% O2, and 5%
CO2) for 2 min and incubated at 37 °C for 48 h. The absorbance
was read at 620 nm on an Infinite F500 multiwell spectropho-
tometer (Tecan Group Ltd., Switzerland). The experiments were
performed in triplicates for all samples.

2.2.2. In Vitro SYBR Green I Antiplasmodial Assessment

In vitro antiplasmodial activity of the PNAM-Lumefantrine con-
jugate was conducted at the Malarial Parasite Molecular Labo-
ratory of the University of Pretoria, South Africa. P. falciparum
NF54 cultures were maintained at 37 °C in human erythrocytes
(O+/A+) suspended in a complete culture medium (RPMI 1640
medium (Sigma-Aldrich) supplemented with 25 mM HEPES
(Sigma-Aldrich), 20 mM D-glucose (Sigma-Aldrich), 200 μM hy-
poxanthine (Sigma-Aldrich), 0.2% sodium bicarbonate, 24 μg
ml−1 Gentamicin (Sigma-Aldrich) and 0.5% AlbuMAX II) in
a gaseous environment of 90% N2, 5% O2, and 5% CO2 as

previously described.[26] In vitro ring-stage, intraerythrocytic P.
falciparum cultures (genotyped drug-sensitive strain, 200 μl at
1% hematocrit, 1% parasitemia), were treated with PNAM-
Lumefantrine, unconjugated lumefantrine, and PNAM. The con-
trols for this assay included chloroquine diphosphate (1 μM, as
positive control) and complete RPMI media (as negative control),
and grown for 96 h at 37 °C under the 90% N2, 5% O2, and 5%
CO2 gas mixture in 96-well plates. At the conclusion of the 96-
hour growth period, equal volumes (100 μl each) of the P. falci-
parum cultures were combined with SYBR Green I lysis buffer
(0.2 μl ml−1 10 000x SYBR Green I, Invitrogen; 20 mM Tris,
pH 7.5; 5 mM EDTA; 0.008% (w/v) saponin; 0.08% (v/v) Triton
X-100). The samples were incubated for 1 h at room tempera-
ture after which the fluorescence was measured using a GloMax-
Explorer Detection System with Instinct Software (Promega, ex-
citation at 485 nm and emission at 538 nm). The “background”
fluorescence (i.e., that measured in the samples derived from
chloroquine-treated infected erythrocytes in which parasite pro-
liferation was completely inhibited) was subtracted from the total
fluorescence measured for each sample to provide a measure of
parasite proliferation. The experiments were performed in tech-
nical triplicates for three biological repeats (n = 3). The data ob-
tained were analyzed in Microsoft Excel and the graphs plotted
using GraphPad Prism 7 software (California, USA).

2.2.3. In Vitro Cytotoxicity Assessment

The cytotoxicity of the PNAM-Lumefantrine was investigated
in Vero (ATCC CCL-81) cells obtained from the kidneys of the
African green monkey and in the human Caucasian colon ade-
nocarcinoma (Caco-2, ATCC HTB 37) cell line. Vero cells were
maintained in Minimum Essential Medium (MEM, Highveld Bi-
ological, South Africa) supplemented with 5% foetal calf serum
(Adcock-Ingram, South Africa) and 0.1% gentamicin (Virbac,
South Africa) in a 5% CO2 incubator. The Caco-2 cells were grown
in Dulbecco’s Modified Eagle’s Medium (DMEM, Highveld Bio-
logical, South Africa) supplemented with 10% foetal calf serum
(Adcock-Ingram), 1% nonessential amino acids (Hyclone, USA)
and 1% penicillin-streptomycin (10000 U ml−1 and 10 mg ml−1

streptomycin) in a 5% CO2 incubator.
Cell suspensions were prepared from 70% to 80% confluent

monolayer cultures and plated at a density of 5 × 104 cells into
each well of sterile flat-bottom 96-well microtiter cell culture
plates. Plates were incubated for 24 h at 37 °C in a 5% CO2 in-
cubator before exposure to the test compounds, which were dis-
solved in DMSO, appropriately diluted with the complete me-
dia to concentrations from 0.4 mg ml−1 to 0.005 mg ml−1 and
added to the wells with further incubation for 48 h Doxorubicin
(Pfizer, USA) and DMSO served as positive and negative con-
trols, respectively. After the incubation period, the wells were
rinsed twice with 200 μl of PBS and 200 μl of fresh medium was
dispensed into the wells. Then 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 30 μl, 5 mg/ml) dissolved
in PBS was added to each well and the plates were further incu-
bated for 4 h at 37 °C. After this, the medium from the wells was
discarded and 50 μl of 100% DMSO was added to the wells to dis-
solve the formed formazan crystals. Absorbance was measured
on a microplate reader (BioTek Synergy, USA) at a wavelength
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of 570 nm. Each compound was tested in quadruplicate and the
assay was repeated twice. The equation resulting from a plot of
the log of the concentration versus absorbance was used to calcu-
late the concentration-response for 50% lethality against the cells
(LC50).

2.3. In Vivo Pre-Clinical Studies

The pharmacokinetics (PK) and pharmacodynamics (PD) (anti-
malarial efficacy) studies of the PNAM-Lumefantrine conjugate
were carried out using healthy male Balb/c mice (PK only, three
animals per group) and P. falciparum-infected NSG mice (PK
and PD, two animals per group), respectively, maintained at the
Pharmacology Satellite Animal Facility, Groote Schuur Hospital,
Cape Town, South Africa. All the animals were housed in an air-
conditioned facility (22 ± 3 °C; 40%–70% relative humidity) with
20 air changes per hour and 12 h light/dark cycles. Cages were
well-ventilated and contained autoclaved wood shavings. They
were fed autoclaved pellets and sterile water ad libitum. Animals
were weighed and the dosages of the test compounds were calcu-
lated a day before dosing.

2.3.1. Pharmacokinetics

Animal Preparation: PNAM-Lumefantrine was dissolved in
PBS to a drug concentration of 3.12% (w/v). Unconjugated lume-
fantrine reference was dissolved in dimethylacetamide (DMA)
and made up with polyethylene glycol (PEG; Mol. wt. = 400 Da)
and propylene glycol (PPG) in a volume ratio of 10: 30: 60 (DMA:
PEG: PPG). Both solutions were prepared to deliver a 2.0 mg kg−1

dose of lumefantrine in 200 μl. The dosages were prepared 60
minutes prior to administration to the animals via the tail vein
as a bolus under general anesthetic (0.1 ml of ketamine (120 mg
kg−1)-xylizine (16 mg kg−1) mixture per mouse) and sterilized by
push filtration. Animal welfare was monitored throughout the
exposure and sampling period as per approved protocols.

Sample Collection: A whole-blood sampling of ≈35 μl per an-
imal was carried out via tail vein bleeding into heparinized tubes
at pre-determined time points. For PK studies in healthy Balb/c
mice, samples were collected at 0 h, 0.17 h, 0.5 h, 1 h, 3 h, 5 h, 7 h,
10 h, 24 h, and 48 h while in the Plasmodium-infected NSG mice,
sampling was at 0 h, 0.17 h, 0.5 h, 1 h, 3 h, 5 h, 8 h, and 24 h after
dosing. Samples for PK studies in infected mice were only col-
lected for 24 h because dosing was repeated for three more days
as per the efficacy studies protocol. Once drawn, samples were
kept on ice until time points had been taken from all animals
and transferred to a freezer for storage at -80°C until extraction.

Sample Preparation and LC-MS Analysis: Frozen whole blood
samples were thawed at room temperature and vortexed. For
healthy mice, 30 μl of whole blood was mixed with three vol-
umes of 100% ACN plus the internal standard, vortexed for 30
s and centrifuged. The supernatant was transferred to a borosil-
icate vial and dried at 30 °C under a constant flow of N2 gas. In-
fected mouse sample preparation was done by an analogous pro-
tein precipitation and extraction method except that only 10 μl
of whole blood and 100 μl ACN containing the internal standard

were used. Calibration standards and quality controls were also
subjected to the same extraction procedure.

The concentrations of lumefantrine and its major metabolite,
desbutyl-lumefantrine, in the prepped samples were determined
using a quantitative LC-MS/MS method. Samples were reconsti-
tuted in a mixture of the mobile phases (A/B: 3/7) and injected
onto the column for LC-MS/MS analysis. The calibration stan-
dard and quality control standards were analyzed in triplicates.
LC-MS/MS analytical conditions are reported in Supplementary
Information Table S4, Supporting Information.

PK Data Analysis: The experimental data were evaluated as
drug concentration versus time. A non-compartmental analysis
was performed for the determination of the PK parameters using
PK Solutions v2.0 (Summit Research Services, Montrose, USA).
A quadratic regression, with peak area ratio (Drug/internal stan-
dard) against concentration with 1/concentration (1/x) weight-
ing, was fitted to the calibration curves.

2.3.2. Antimalarial Efficacy Study

Animal Preparation, Infection with Parasite, and Treatment
Dosing: The therapeutic efficacy of PNAM-Lumefantrine was
evaluated using a “4-day test”. Briefly, four groups of NOD-
scid IL-2Rynull mice, with two mice per group, were engrafted
with human erythrocytes (≈60%) and infected with 2 × 107 P.
falciparum Pf3D70087/N9-infected erythrocytes propagated from
a donor mouse generated at GlaxoSmithKline, Tres Cantos
(Spain).[27] Infections were initiated via intravenous injection of
the parasite on Day 0 through the penile vein. Treatment through
the tail vein with a single intravenous dose of the drug per day
(100 μl per mouse) commenced on Day 3 and ended on Day 6
following infection. The PNAM-Lumefantrine conjugate formu-
lated in PBS only and the unconjugated lumefantrine reference
formulated in DMA: PEG: PPG (10: 30: 60) were administered at
1.0 mg kg−1 body weight. A vehicle-only group was also included
as a negative control for the conjugate (PBS) and the unconju-
gated lumefantrine reference (DMA: PEG: PPG; 10: 30: 60). In
all cases, parasitemia was assessed by flow cytometry in samples
of peripheral blood obtained on days 3, 4, 5, 6, and 7 after infec-
tion.

Sample Analysis: The effect of treatment on the chloroquine-
sensitive P. falciparum Pf3D70087/N9 was assessed by microscopy
and flow cytometry. Fresh samples of peripheral blood from in-
fected mice were stained with TER-119-PE (marker for murine
erythrocytes) and SYTO-16 (nucleic acid dye) and then analyzed
via flow cytometry on a BD Accuri C6 Plus.

Efficacy Data Analysis: Data analysis used a nonlinear fitting
to a logistic equation of log10 (% parasitemia at Day 7 after infec-
tion) within GraphPad software.

3. Ethics

All in vitro and in vivo experiments and handling of animals were
conducted under approved protocols granted by the CSIR Re-
search Ethics Committee (ref no.: 220/2017) and the University
of Cape Town’s Faculty of Health Sciences Animal Ethics Com-
mittee (ref no.: 014/028).
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Figure 1. Synthesis of PNAM-Lumefantrine conjugate with an ester linker.

4. Results

4.1. Synthesis of PNAM-Lumefantrine Conjugate

Conjugation of lumefantrine to PNAM via an ester linker was
successfully achieved in a one-pot reaction that involved the acti-
vation of the carboxyl groups of the polymer with DIC (Figure 1).
To ensure maximum drug loading, excess molar equivalents of
DIC and lumefantrine were used under an inert atmosphere and
at a slightly raised temperature (35 °C) of the reaction mixture.
The successful synthesis of the PNAM-Lumefantrine conjugate
was confirmed by the downfield shift of the oxymethine proton
to a broad peak at 5.55 ppm in the 1H NMR spectrum of the puri-
fied product (Figure 2A). Peak broadening is often attributable to
interaction of the drug with the polymer. The drug loading was
determined to be 12.2 mol% using protons marked 13–16 for the
polymer and the aromatic (7.0 ppm) and methyl (0.7 ppm) proton
peaks of the drug. The aromatic protons of lumefantrine are vis-
ible downfield as multiplets at 𝜎 8.00–7.27. ATR-FTIR analysis
showed an absorbance shift from 1723.7 cm−1 of the unconju-
gated polymer to 1699.5 cm−1 for the conjugate, which was at-
tributed to the carbonyl of the ester bond (Supplementary Infor-
mation Figure S2, Supporting Information).

The conjugate had a purity of >99%, as determined by 1H
NMR analysis. Determination of drug loading by UV absorption
spectroscopy was complicated by the absorption interference of
PNAM at 𝜆max = 335 nm, which is characteristically used for the
maximum absorbance of lumefantrine.[28,29] The free drug con-
tent was below quantifiable limits in the last organic solvent wash
of the conjugate (LLOQ = 2.0 ng ml−1).

A DOSY NMR experiment confirmed the presence of the
PNAM-Lumefantrine conjugate as the product of the synthesis
(Figure 2B). The PNAM and lumefantrine signals showed a com-
mon diffusion coefficient that was distinct from that of the orig-
inal polymer.

In a controlled experiment, conjugation reactions to link
the PNAM and lumefantrine were set up with and without
the coupling reagent, DIC, on a parallel synthesis workstation
(Radleys Carousel 12 Reaction Station). This was carried out to
investigate the increase in lumefantrine solubility attributable to
the polymer conjugation. After centrifugation at 21 000 x g, about
2450 times more lumefantrine was detectable by UV absorption
spectroscopy (LLOQ = 2 μg ml−1) in the aqueous supernatant of

the experiment with DIC than was detectable in the experiment
where no conjugation occurred, i.e., where there was no DIC
(Figure 3). This increase in solubility significantly improves
the potential therapeutic use of lumefantrine for intravenous
administration.

The conjugate exhibited hydrodynamic diameter of 91.12 ±
0.92 nm (PDI = 0.201 ± 0.01; zeta potential = −28.5 ± 1.59 mV)
in dynamic light scattering analysis (Figure 4). The negative z-
potential, probably due to unconjugated carboxylic acid groups,
favors particle stability in solution by preventing aggregation.

4.2. In Vitro Antiplasmodial Activity and Cytotoxicity Studies

Both the PNAM-Lumefantrine conjugate and the unconjugated
lumefantrine showed antiplasmodial activity in SYBR Green
screening assays (intraerythrocytic NF54 P. falciparum) at 5 μg
ml−1 and 1.0 μg ml−1 drug equivalence concentrations, although
the unconjugated drug demonstrated only 76 ± 10.64% (z-factor
= 0.91) at the lower concentration (Figure 5A). In pLDH assay,
the IC50 of PNAM-Lumefantrine was determined to be 0.21 μg
ml−1 (Figure 5B). Lumefantrine has previously been reported to
have IC50 ranging from 0.022 to 0.053 μg ml−1 for the 3D7 strain
of the P. falciparum parasite.[30] The ten-fold reduction in IC50 is
very likely due to the prodrug nature of the conjugate and the
need for the conjugate to reach the acidic food vacuole of the par-
asite, which requires traversing four membrane layers, for the
drug to be released. The activity seen for PNAM-Lumefantrine
could alternatively be due to the slow hydrolysis of the polymer
conjugate during the assay. PNAM-Lumefantrine and unconju-
gated lumefantrine were not toxic to Vero and Caco-2 cells in
in vitro cytotoxicity assays at the maximum tested concentration
(Data Table S3, Supporting Information ). The free polymer did
not show any significant antiplasmodial activity or cytotoxicity in
any of the studies.

4.3. In Vivo Pharmacokinetics (Balb/c)

Free lumefantrine was quantifiable for up to 48 h in the plasma
of mice administered PNAM-Lumefantrine and unconjugated
lumefantrine (LLOQ = 4 nM) (Figure 6).

The circulating plasma concentration of lumefantrine released
from the conjugate was comparable to that observed for the

Macromol. Biosci. 2023, 23, 2200518 2200518 (5 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. A) 1H NMR spectra of lumefantrine (i) and PNAM-Lumefantrine (ii) (400.13 MHz, CDCl3). Inset is the downfield shift of the oxymethine proton
of lumefantrine confirming successful conjugation. Ar-H refers to the aromatic rings’ hydrogens. B) DOSY NMR spectrum of PNAM-Lumefantrine
conjugate (blue) overlayed with that of pristine PNAM (red) (500 MHz, CDCl3). DOSY experiments were performed at 25 °C on a Bruker AVANCE III
with a probe of type PA BBO 500 S1 BBF-H-D-05.

Macromol. Biosci. 2023, 23, 2200518 2200518 (6 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Demonstration of the aqueous solubility of PNAM-Lumefantrine compared to unconjugated lumefantrine through centrifugation of the re-
spective solutions.

Figure 4. Average particle size distribution of PNAM-Lumefantrine conjugate.

reference unconjugated drug with the area under the curve
(AUC) of the former being 98% of the reference. Although the
maximum plasma concentration (Cmax) of the conjugate was only
about half of the reference, unconjugated lumefantrine, its elim-
ination half-life (t1/2) was ≈3 h longer, indicating a time depen-
dence for hydrolytic release of lumefantrine from the polymer.

Desbutyl-lumefantrine, a product of CYP3A4 metabolism of
lumefantrine, was detectable in the plasma of the animals ex-
posed to the PNAM-Lumefantrine conjugate (AUC = 552 ±
60 μMmin, ≈10% of the parent) but not in the animals treated
with the reference lumefantrine. In humans, the relative con-
centration of desbutyl-lumefantrine ranges from undetectable

to ≈6%.[30] In rats, ≈5% of desbutyl-lumefantrine has been ob-
served relative to the parent on IV administration.[31,32] On oral
administration in the P. falciparum infected NSG mouse, ≈20%
of desbutyl-lumefantrine relative to parent was observed (unpub-
lished results). Desbutyl-lumefantrine (geometric mean IC50 =
9.0 nM) is known to possess higher antiplasmodial activity than
lumefantrine (geometric mean IC50 = 65.2 nM).[30] The detec-
tion of a significant amount of the liver metabolite in the plasma
is a firm confirmation of uptake in this organ. It is difficult
to speculate why there was no detectable quantity of desbutyl-
lumefantrine in the animals treated with the unconjugated lume-
fantrine.

Macromol. Biosci. 2023, 23, 2200518 2200518 (7 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. A) Antiplasmodial (NF54 P. falciparum) activity of PNAM-
Lumefantrine conjugate at 1 μM and 5 μM concentrations. B) The dose-
response curve was used to extrapolate the 50% inhibitory concentration
(IC50) of PNAM-Lumefantrine tested against 3D7 P. falciparum. Data are
expressed as mean of triplicate values ± standard deviation. [chloroquine
(CQ), unconjugated lumefantrine (Lumf), PNAM-Lumefantrine (PNAM-
Lumf), free polymer (PNAM)].

4.4. In Vivo Pharmacodynamics

At the daily dose of the lumefantrine investigated (1 mg/kg body
weight), a 50% reduction in parasitemia was observed in the an-
imals treated with the conjugate as compared to the control ani-
mals treated with the PBS vehicle only (Figure 7). However, sur-
prisingly there was no observable difference in the parasitemia of
the animals treated with unconjugated lumefantrine compared
to those treated with the vehicle (DMA: PEG: PPG) (Figure S5,
Supporting Information). The reason for this was not immedi-
ately clear but may be due to a possible “encapsulation” of the
drug in the polymeric components of the delivery vehicle. This
could be investigated further in an experiment with varying oral
lumefantrine administered to match the exposure seen with the
conjugate.

We investigated the pharmacokinetics for 24 h immediately af-
ter the first PNAM-Lumefantrine treatment of the infected NSG
mice (, Supporting Information Data). During this period, the
AUC of the lumefantrine was higher on administration of the
drug itself than on administration of the conjugate (180 μMmin
vs 161 μMmin). This was an inversion of what was observed
in the healthy mice experiments, but within experimental vari-
ability. The dose normalized AUCs in the infected NSG mice
were considerably lower (17-fold from administration of PNAM-
Lumefantrine) than those in the uninfected Balb-c mice used for

PK determinations. We assume that the use of an infected animal
model, which was artificially grafted with human erythrocytes
and potentially with compromised esterase capability, might have
been a factor in increasing drug exposure.

5. Discussion

The low aqueous solubility of lumefantrine has precluded its de-
velopment into an intravenously administered antimalarial. The
recent attempt at developing a combination therapy that included
a polymeric drug of lumefantrine was unsuccessful as the in vitro
antiplasmodial activity was about a thousand times less than the
combination of the free artemether and lumefantrine.[11,24]

The conjugation of drug molecules to water-soluble polymeric
carriers via physiologically labile linkers has been shown in
cancer therapeutics to solve the problem of aqueous insolubil-
ity. Whilst drug insolubility and other pharmacological prob-
lems also exist with antimalarials, the application of this tech-
nology to malaria and many other infectious diseases has been
limited.[17,33] Previous applications of polymer therapeutics to
infectious diseases have mostly been with antiretroviral drugs
used in the treatment of HIV/AIDS.[34–37] The application to
malaria has mainly involved the conjugation of primaquine to
a water-soluble polymer for the treatment of liver hypnozoites,
a stage of the malarial parasite’s life cycle that is missing in P.
falciparum.[38,39] For solubility purposes, primaquine does not re-
quire conjugation to a polymer as its bisphosphate salt is read-
ily soluble in water. Similarly, DHA (aqueous solubility: 3.16 mg
ml−1) was made water-soluble for intravenous administration
just by a modification to the hemisuccinate salt artesunate. We
synthesized a lumefantrine-hemisuccinate conjugate that was
only about 440 times more soluble than the free drug. Although
the arylamino alcohol class of drugs, to which lumefantrine
belongs and which also includes other antimalarials like halo-
fantrine, mefloquine, and quinine, are generally poorly soluble
in water, lumefantrine is distinguished by its extreme insolubil-
ity. Compared to other notoriously insoluble drugs like camp-
tothecin (5.11 × 10−1 mg ml−1), paclitaxel (5.56 × 10−3 mg ml−1),
doxorubicin (1.18 mg ml−1) and amphotericin B (8.19 × 10−2 mg
ml−1) that have been conjugated to polymers, lumefantrine (3.09
× 10−5 mg ml−1) is exceptional. Lumefantrine has therefore been
a formidable challenge to make into an adequately water-soluble
intravenous therapeutic.

The conjugation of lumefantrine to PNAM resulted in a sig-
nificant increase in the amount of drug that could be dissolved in
a volume of water although we did not investigate the maximum
solubility possible. The amphipathic structure of the PNAM is
believed to have both enhanced the aqueous solubility of the con-
jugate and aided cellular membrane penetration of the pendant
drug molecules. In this scenario, lumefantrine is conjugated to
the shorter hydrophobic block of the polymer while the longer hy-
drophilic segment extends as a solubilizing tail. With this design,
the hydrophobic head would cross the plasma membrane.[40] A
further significance of this scenario is that it would facilitate the
uptake of the conjugate into red blood cells. Red blood cells are
nonendocytic, and the uptake of materials would be by passive
transmembrane transport. Infected red blood cells are reported
to develop new permeability pathways (NPPs) for the exchange

Macromol. Biosci. 2023, 23, 2200518 2200518 (8 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 6. The circulating plasma concentration versus time profiles of PNAM-Lumefantrine and the unconjugated lumefantrine reference in healthy
Balb/c mice. Time points represent the mean ± SEM, n = 3. (p < 0.01)a No statistical difference between the values. (p < 0.01) ND indicates that the
value was not determined.

of substances between the cell and its environment.[41] The
diameter of NPPs is typically 50 to 80 nm.[42,43] The PNAM-
Lumefantrine conjugates were of average hydrodynamic particle
size of 91.12 ± 0.92 nm, which puts a significant fraction out
of range for entry via the NPPs. Direct membrane penetra-
tion facilitated by the amphiphilic structure of the conjugate
is therefore a plausible contributor to activity in vitro. There
may also be slow hydrolysis of the drug from the conjugate in
culture.

The PK data of healthy mice administered the PNAM-
Lumefantrine showed significant conversion of the drug to its
active metabolite DBL, presumably via esterases in the blood
or the liver. The relatively high plasma level of the metabolite
merits further research as orally administered lumefantrine has
been reported to only be converted to DBL at a very low plasma
concentration.[30,44] However, this is not out of line relative to
what has been seen in other species (humans and rats). The
significance in the lumefantrine concentrations seen in the PK

Macromol. Biosci. 2023, 23, 2200518 2200518 (9 of 12) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 7. In vivo therapeutic efficacy of PNAM-Lumefantrine and the vehicle. Time points represent the mean ± SD of two P. falciparum-infected mice.
(p < 0.01) Limit of detection = 0.01% parasitaemia.

study is that the intravenous route results in 100% delivery of
the drug to the plasma and that release from the polymer is very
high. The bioavailability of lumefantrine dosed orally in patients
varies considerably with considerably greater absorption associ-
ated with food intake. An intravenous delivery of the drug would
give more consistent results and enable its delivery for incapaci-
tated patients.

The 50% parasitemia clearance achieved by the PNAM-
Lumefantrine conjugate in P. falciparum-infected NSG mice
is significant given that in oral combination treatment with
artemisinin, the lumefantrine only encounters less than 5%
residual parasitemia arising from late-maturating parasites.[45,46]

Although recent clinical observations have indicated that the po-
tency of the artemisinins is being challenged by increasing para-
site resistance and longer clearance times, this has yet to signif-
icantly change the parasitemia clearance burden that has to be
borne by lumefantrine.[47]

The reason for the much lower lumefantrine concentrations
in the infected NSG mouse versus the Balb-c mice used in the
PK determinations is not known. It is possible that esterases that
are presumably responsible for releasing of the drug from the
conjugate are compromised in the immunocompromised NSG
mouse or else in the infected state.

At 48 h, the average plasma lumefantrine concentration in
healthy Balb/c mice was 87.1 ± 5.6 ng ml−1, down from a Cmax
1652.64 ± 1351.68 ng ml−1. In humans, a seventh day plasma
lumefantrine concentration of >175 ng ml−1 for the orally ad-
ministered drug has been reported as a putative sero-marker of a
successful treatment outcome.[48] To achieve and sustain a high
circulating lumefantrine level may require a more branched poly-
mer architecture. Branched chains, dendrimeric, or star poly-
mers have been shown to circulate for extended periods.[49-51]

Artesunate is currently administered orally in three of the five
WHO-approved ACTs while its synthetic precursor and hepatic
metabolite, DHA, is in a fourth ACT.[4] It is therefore absent
only in the artemether-lumefantrine (AL) combination. Notably,
artesunate has sufficiently high solubility to enable IV adminis-
tration. Both artemether and artesunate share DHA as a com-
mon metabolite. Given this compatibility of artesunate with a
wide variety of other antimalarials and its use as the first treat-

ment step in severe malaria—followed immediately by the full
oral course of AL—we believe that a new intravenous combina-
tion with a water-soluble lumefantrine as developed here will be
safe and well tolerated. Lumefantrine has been demonstrated to
improve the parasitemia clearance activity of artemisinins during
the critical resistance window when parasite susceptibility is sub-
optimum.[10] This is the early ring stage period that may allow the
parasite to survive the brief plasma half-life of the artemisinins.

6. Conclusion

In this study, we reported on the development and demonstra-
tion of a new antimalarial therapeutic that represents the first
intravenous administration of a truly water-soluble lumefantrine
made by conjugation to a carrier polymer via a physiologically
labile ester linker. We used a new block co-polymer, PNAM,
with a short multivalent hydrophobic block and a long non-
conjugating hydrophilic block. With this amphiphilic architec-
ture, we were able to significantly increase the aqueous solubil-
ity of lumefantrine that allowed for a safe intravenous admin-
istration in mice. After administration to healthy mice, the PK
showed rapid release of lumefantrine with a notable production
of the liver metabolite desbutyl-lumefantrine. This is considered
very promising for the therapeutic given that red blood cells are
nonendocytic, and the particle size range of the conjugate is likely
too large for entry. Following PNAM-Lumefantrine treatment of
P. falciparum-infected NSG mice, we observed a 50% reduction in
total parasitemia as compared to animals treated with unconju-
gated lumefantrine. We believe that with further development, a
polymer-based lumefantrine therapeutic can be formulated with
an artemisinin (for example artesunate) into a powerful com-
bination therapy for a simple single-course treatment of severe
malaria.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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