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Abstract

We report the evaluation and prediction of the pharmacokinetic (PK) performance of
artemisinin (ART) cocrystal formulations, i.e., 1:1 Artemisinin-Orcinol (ART-ORC) and 2:1
Artemisinin-Resorcinol (ART?-RES), using in vivo murine animal and PBPK (physiological
based pharmacokinetic) models. The efficacy of the ART cocrystal formulations along with
the parent drug ART were tested in mice infected with Plasmodium berghei. When given at
the same dose, the ART-cocrystal formulation showed a significant reduction in parasitaemia
at day 4 post infection compared to ART alone. The PK parameters including Cpax (maximum
plasma concentration), Tmax (time to Cmax), AUC (area under the curve) were obtained by
determining drug concentrations in the plasma using LC-HRMS (Liquid Chromatography-
High Resolution Mass Spectrometry), showing enhanced ART levels after dosage with the
cocrystal formulations. The dose-response tests revealed that a significantly lower dose of the
ART cocrystals in the formulation was required to achieve a similar therapeutic effect as ART
alone. A PBPK model was developed using a PBPK mouse simulator to accurately predict the
in vivo behaviour of the cocrystal formulations by combining in vitro dissolution profiles with
the properties of the parent drug ART. The study illustrated that information from classical in
vitro and in vivo experimental investigations of the parent drug of ART formulation can be
coupled with PBPK modelling to predict the PK parameters of an ART cocrystal formulation
in an efficient manner. Therefore, the proposed modelling strategy could be used to establish
in vitro and in vivo correlations for different cocrystals intended to improve dissolution
properties and to support clinical candidate selection, contributing to assessment of cocrystal

developability and formulation development.
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Introduction
In the pharmaceutical industry, cocrystallization of active pharmaceutical ingredients (APIs)

has become an increasingly important strategy to improve the oral bioavailability of poorly
soluble compounds [1]. A pharmaceutical cocrystal is a multi-component crystal comprising
two or more compounds (i.e., one is the API and the others are called coformers) that are solids
under ambient conditions, are present in a stoichiometric ratio and interact by noncovalent
interactions such as hydrogen bonding [2, 3]. API cocrystal screening is now a routine step in
early-stage drug development, and several cocrystal-containing drug products, such as
Lexapro® - cocrystal of escitalopram oxalate with oxalic acid, and Entresto® - cocrystal of
sacubitril and valsartan, are in clinical use [4].

Although pharmaceutical cocrystals can generate dramatic changes in an APIs’
physicochemical properties (i.e. solubility and dissolution rates), transformations of these
improved properties of cocrystals into drug products with the required pharmacokinetics in
vivo 1s not straightforward [5]. Once the cocrystals contact the gastrointestinal (GI) fluid, they
start to dissolve, showing often complex behaviour of dissolution, supersaturation and
precipitation [6]. To maintain and improve the performance of the cocrystals, addition of a
polymer may be required as a nucleation and/or crystal growth inhibitor to prevent parent drug
crystallization. Selecting a suitable combination of a cocrystal and polymeric inhibitor is
usually accomplished through trial-and-error tests in vitro [7-14]. Drug absorption is a highly
complex process, which is dependent upon numerous factors, including the physicochemical
properties of the drug, characteristics of the formulation, and interplay with the underlying
physiological properties of the GI tract, e.g. the pH environment and metabolic enzymes [15].
These in vitro tests may not be sufficient to identify an optimal cocrystal from a range of
coformers and/or polymeric inhibitors in the formulation because they cannot provide insight

into all the mechanisms of GI absorption in vivo [16]. Therefore, it is of great importance to



develop formulation strategies for cocrystal products that can be used to accurately predict oral
drug absorption in vivo.

Physiologically based pharmacokinetic (PBPK) models, that combine physiological and
anatomical parameters of living species, physicochemical properties of API and formulation
design, offer a mean to predict PK parameters (i.e., Absorption, Distribution, Metabolism
Elimination, ADME) of drugs in virtual populations [17, 18]. Currently, PBPK models are
increasingly used in formulation development to explore and understand formulation
performance [19-26]. For example, the in vitro data from dissolution testing with the
physicochemical properties of the drug under study, e.g. pKa, solubility, diffusion coefficient
and effective permeability, were used as input functions into PBPK models to simulate the in
vivo profiles of the drug [27, 28]. Within a formulation development PBPK models can also be
used to study the food effect [29, 30], dose selection [31], drug-drug interactions (DDIs)
through auto-induction of enzymes metabolism [32, 33], contributing to the Replace, Reduce
and Refine (3Rs) targets for the use of non-human species in scientific research [34].

This study, for the first time, reports the evaluation and prediction of the pharmacokinetic
performance of Artemisinin (ART) cocrystal formulations, i.e. 1:1 Artemisinin-Orcinol (ART-
ORC) and 2:1 Artemisinin-Resorcinol (ART2-RES), using in vivo murine animal and PBPK
models. We illustrate how information from classical in vitro dissolution tests and in vivo
experimental investigations of the parent drug can be coupled with PBPK modelling to predict
the in vivo performance of cocrystals in an efficient manner.

In this work the ART cocrystal formulations (i.e. ART-ORC and ART?-RES), along with the
parent drug ART, were tested in mice infected with Plasmodium berghei, a suitable model for
studying the aetiology of malaria as the infection presents structural, physiological and life
cycle analogies with human disease [35]. In the first part of the study, it was found that a

copolymer Polyvinylpyrrolidone/vinyl Acetate (PVP-VA) at 0.05 mg/mL was required within



the formulation to maintain the performance of ART cocrystals [36]. The efficacy of the ART
cocrystal formulations was examined by analysis of the percentage parasitaemia of
Plasmodium berghei in the blood smears taken over the course of four-day treatments at a
repeatedly fixed dose of 30 mg/kg ART [37, 38]. A dose-response experiment was then
conducted with the most active ART cocrystal formulation from the first mouse study. The
formulation was administered at three repeated fixed doses of 3 mg/kg, 10 mg/kg and 30 mg/kg
ART for the same course of four-day treatments. The ART plasma concentration-time profiles
of the formulations on day 1 (D1) and day 4 (D4) after the repeated dosing of 30 mg/kg were
obtained to determine their PK parameters and examine the ART time-dependent PK. Studies
have shown that ART is not only poorly soluble in an aqueous environment, resulting in poor
and erratic absorption upon oral administration [39], but also markedly induces its own
metabolic elimination, leading to decreased plasma levels on repeat dosing [40-44].

A PBPK modelling platform, Simcyp (Mouse Simulator Version 19.1), was employed to
simulate the ART plasma concentration-time profiles of an ART cocrystal formulation in the
systemic circulation of a mouse [45, 46]. As the first step of the model development,
simulations of the oral mouse plasma concentration-time profiles of ART were performed,
using in vitro dissolution data of the parent drug ART formulation with its physicochemical
properties as inputs into the mouse PBPK model. The PBPK model simulations were then
compared to the in vivo ART plasma concentration-time profiles from animal experiments.
This provided a means to refine the model parameters through the parameter sensitivity
analysis and parameter fittings, and to verify the PBPK model’s predictive ability of the in vivo
performance of the ART formulation. Through the comparison of the predicted and measured
PK parameters, the effectiveness of the PBPK model prediction of the ART cocrystal

formulations can be examined.



Materials and Methods

Materials
Artemisinin (ART, 98% purity), resorcinol (RES, >99% purity), santonin (SAN), Drug free

mouse serum, potassium dihydrogen phosphate (KH2POs), sodium hydroxide (NaOH),
dihydroartemisinin (DHA) and chloroquine hydrochloride (CQ) were purchased from Sigma-
Aldrich (Dorset, UK). Orcinol (ORC, 98% purity) was purchased from Fisher Scientific
(Loughborough, UK). LCMS (Liquid Chromatography- Mass Spectrometry) grade solvents
including methanol, acetonitrile, water and formic acid were purchased from Fisher Scientific
and used as received. Double distilled water (DDW) was generated from a bi-distiller
(WSCO44.MH3.7, Fistreem International Limited, Loughborough, UK) and used throughout
the study. A copolymer polyvinylpyrrolidone (60%)/vinyl acetate (40%) (PVP-VA) was gifted
by Ashland Inc (Schaffhausen, Switzerland). Electrospray tuning mix for LC-HRMS (Liquid
Chromatography-High Resolution Mass Spectrometry) was purchased from Agilent
Technologies Ltd (Cheshire, UK).

Methods

Preparation of powdered ART cocrystals
Artemisinin and orcinol cocrystal (ART-ORC) was prepared by a solvent evaporation

method. A 1:1 equimolar mixture of ART and ORC was dissolved in the solvent mixture of
chloroform and methanol (9:1) at room temperature. The solution was placed in a fume cabinet
(room temperature, airflow 0.5-1.0 m/s) for 4-5 days to let the solvents evaporate.
Artemisinin and resorcinol cocrystal (ART?-RES) was synthesized by seeded solvent
evaporation methods. A 2:1 molar mixture of ART and RES was used to prepare the seeds of
cocrystals by a neat grinding method using Retsch Mixer Mill MM 400 (Retsch, Germany)
along with 15mL stainless steel SmartSnapTM jars containing two 7mm stainless steel grinding
balls (Form-tech Scientific, Montreal, Canada) for 60 mins. The neat ground cocrystals were

then used as seeds to prepare enough ART?-RES needed for experiments by solvent



evaporation method, where a 2:1 molar ratio mixture of both components was present in a
saturated cosolvent solution of chloroform and methanol (9:1). The cocrystal solutions were
allowed to evaporate in a controlled fume hood for 4-5 days.

Formation of ART cocrystals was confirmed by Powder X-Ray Diffraction (PXRD) and

Differential Scanning Calorimetry (DSC).

Phosphate buffer solution (PBS)
PBS at pH 6.8 (0.01M) was used as the dissolution media in this study. It was prepared

according to the British Pharmacopeia 2018; 50mL of 0.2M potassium dihydrogen phosphate
(KH2PO4) and 22.4mL of 0.2M sodium hydroxide (NaOH) were mixed and diluted to 1000mL

with DDW.

In vitro dissolution test of an ART formulation
In vitro dissolution tests were conducted on ART formulations in non-sink conditions in pH

6.8 PBS (0.01M) in the absence or presence of a pre-dissolved 0.05 mg/mL concentration of
PVP-VA polymer. In order to reduce the effect of particle size on the dissolution rates, ART,
ART-ORC and ART?-RES samples were ground using a 60 Mesh sieve to obtain a particle
size of <250um. The experiments were carried out at 37+0.5°C in a PTWS 120D dissolution
apparatus (PharmaTest, Germany) at 50 rpm stirring speed. The total volume of dissolution
media was 400 mL, in which 150 mg of ART, 215.9 mg of ART-ORC and 179.3 mg ART?*-
RES was added. 1 mL sample was withdrawn at sampling times 5, 10, 15, 30, 60, 120, 180 and
240 mins. The withdrawn sample was centrifuged using an MSC 010.CX2.5 centrifuge (MSE
Ltd., London, UK) at 13,000 rpm for 1 min. The supernatant was separated, diluted with
ethanol and the concentrations were detected using HPLC (High Performance Liquid

Chromatography).

HPLC methods for ART, ORC and RES
The sample concentration of ART, ORC or RES in solution was determined by Agilent series

1100 automatic HPLC equipped with a diode array detector. A Roc C18 column (5 um, 150x4.6



mm, Restek) was used and the column temperature was maintained at 25°C. Details of HPLC
methods are shown in Table S1 in the supporting materials. The ART calibration samples were
prepared in acetonitrile in a range of 5-50 ug/mL. The ORC and RES calibration samples were
prepared in DDW in a range of 5-50 pug/mL. Details of the calibration and validation results

are in Tables S2-S3 in the supporting materials.

Pharmacokinetic studies
Female BALB/c mice aged 6 to 8 weeks, at 18-20 g, were purchased from Charles River Ltd

(Margate, UK). The mice were ordered one week before the start of experiments. These mice
were kept in controlled rooms with humidity of 55% and temperature of 26°C and fed water
and rodent food ad libitum. The mice were also provided with environmental enrichments to
enhance behavioural well-being, such as varied nesting materials and platforms within the
cage. The health and well-being of all mice were assessed at least once a day by a trained team
of technicians as well as researchers. All efforts were made to minimize the number of animals
used and their suffering. At the end of the experiments, all mice were humanely killed.

In this work two Stages of in vivo experiments were carried out: (i) Stage 1: to evaluate the
PK performances and efficacies of ART cocrystal formulations at a fixed dose of 30 mg/kg
over a four-day course of the treatment regimen, and (ii) Stage 2: to evaluate the dose response
of the best ART cocrystal formulation at various doses of 30 mg/kg, 10 mg/kg and 3 mg/kg
over the same course of the treatment regimen. In order to illustrate the effectiveness of the
ART cocrystal formulations, a comparative study with those treated by the ART alone was also
carried out. The reference and control of the experiments were the untreated infected mice and
those treated by chloroquine (CQ) solution at a fixed dose of 10 mg/kg for the four-day
treatment regimen. The CQ solution was selected as a control drug in this study as Plasmodium
berghei is sensitive to chloroquine [47].

(1) Infection procedure and drug administration vehicle



Plasmodium berghei NK65 infected blood was collected from infected donor mice and
diluted with 0.85% saline to produce an infective inoculum of 1x10° infected erythrocytes/mL
[48]. The mice for both in vivo experiments were infected with 0.2 mL i.v. and allocated into
their respective groups. Two hours post infection experimental groups were treated with
different formulations and then treated once a day for a total of 4 consecutive days. The dosing
scheme and sample collections are shown in Fig. 1.

According to the formulation development in the first part of the study [36], ART or ART
cocrystals were suspended in PBS in the presence of 0.05 mg/mL PVP-VA (copolymer of N-
vinyl-2pyrrodidone 60% and vinyl acetate 40%) and then administrated orally to mice.
Chloroquine hydrochloride was dissolved in sterile DDW. All crystalline materials prior to the
tests were slightly ground by a mortar and pestle and sieved by a 60 Mesh sieve (particle size
<250 um) to reduce the effect of particle size on the dissolution rates.

(i1) Stage 1: Treatment regimens at a fixed dose

The mice were divided into 5 groups in this Stage (detailed in Fig. 1), including Group 1 of
untreated mice, Group 2 of mice treated with 10 mg/kg CQ, Group 3 of mice treated with 30
mg/kg ART; Group 4 of mice treated with 30 mg/kg ART-ORC and Group 5 of mice treated
with 30 mg/kg ART?-RES. Five mice were used in Groups 1 and 2 to collect blood samples
for parasitaemia count only, fifteen mice were used in Groups 3, 4 and 5 to collect the blood
samples for both the parasitaemia count and determination of ART concentrations in plasma.

5 mL solutions of 30 mg/kg ART (15 mg in 5SmL), 30 mg/kg ART-ORC (21.6 mg in 5 mL)
and 30 mg/kg ART2-RES (17.9 mg in 5 mL) were prepared by suspending appropriate amount
of each drug in the administration vehicle. Therefore, all of the formulations have the same
amount of ART. 5 mL of 10 mg/kg CQ solution was prepared by dissolving 5 mg CQ into
DDW. All of suspensions and solution were freshly prepared daily and gavage dosed to the

mice in a 0.2 mL bolus for the course of treatment. The first dose was given 2 hours after the
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mice were injected with Plasmodium berghei-infected blood from the infected donor mice. The
repeated doses were given at the same time for the following days.

During the treatment, the blood samples for parasitaemia counts were collected starting from
the second day treatment for 4 days as shown in Fig. 1. A thin smear of blood from the tail vein
of a mouse before dosing was made on glass slides which were left to air dry first and then
fixed with methanol. The slides were immersed in 10% Giemsa’s stain for 10 min and dried
after removal of excess stain with water. Five thin smears from five different mice in each
group were obtained.

The ART plasma concentration-time profiles in Groups 3, 4 and 5 were determined after
dosing of the formulations on the first day (D1) and the fourth day (D4) shown in Fig. 1. The
blood sample volume of ~50 uLL was withdrawn from the tail vein of a mouse and placed in an
Eppendorf tube at different time points after dosing including 0.25, 0.5, 1, and 3 hrs. The blood
samples were allowed to clot by leaving them undisturbed at room temperature for 30 mins.
The plasma was separated by centrifugation at 4000 rpm for 10 min at 4°C and was stored at
-80°C until analysis. At each of the sampling points, three blood samples from three different
mice in each group were taken. Due to the limited blood volume in each mouse, 15 mice were
used in each of the test groups so that the blood sample was only taken once over the course of
sampling points.

(ii1))  Stage 2: dose-response experiments

Based on the results from the Stage 1 experiments, an additional dose-response study was
carried out on the most active cocrystal formulation, ART-ORC, from the first study. ART and
ART-ORC suspensions were prepared at three different concentrations of 30 mg/kg, 10 mg/kg
and 3 mg/kg. All of the suspensions were freshly prepared and gavage dosed to the mice in a
0.2 mL bolus every day for 4 days (D1 to D4). The reference and control of the experiments

were the untreated infected mice and those treated by CQ solution at a fixed dose of 10 mg/kg
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for the four-day treatment regimen. Additionally, dihydroartemisinin (DHA) was also included
in the comparative study because it is one of the recommended Artemisinin-based combination
therapies (ACTs) by World Health Organisation (WHO) in the treatment of uncomplicated
Plasmodium falciparum malaria [49], which was prepared in PVP-VA aqueous suspension as
a dose of 30 mg/kg.

The administration vehicle for all formulations except CQ was 0.05 mg/mL PVP-VA in pH
6.8 PBS (0.01M). The oral dose volume was fixed as 0.2 mL therefore 5 mL solutions of 30
mg/kg ART (15 mg in 5 mL), 10 mg/kg ART (5 mg in 5 mL), 30 mg/kg ART-ORC (21.6 mg
in 5 mL), 10 mg/kg ART-ORC (7.19 mg in 5 mL) and 30 mg/kg DHA (15 mg in 5 mL) were
prepared by suspending appropriate amount of each drug in the administration vehicle. 10 mL
solutions of 3 mg/kg ART (3 mg in 10 mL) and 3 mg/kg ART-ORC (4.3 mg in 10 mL) were
prepared by suspending appropriate amount of each drug in the administration vehicle.

The mice were divided into 9 groups in this Stage (detailed in Fig.1), including Group 1 of
untreated mice; Group 2 of mice treated with 10 mg/kg CQ dissolved in sterile DDW; Groups
3-5 of mice treated with 30 mg/kg, 10 mg/kg and 3 mg/kg ART dissolved in administration
vehicle respectively; Groups 6-8 of mice treated with 30 mg/kg, 10 mg/kg and 3 mg/kg ART-
ORC dissolved in administration vehicle respectively; Group 9 of mice treated with 30 mg/kg
DHA dissolved in administration vehicle. During the treatment regimes, the blood samples for
parasitaemia counts were collected starting from the second day of treatment for 4 days as
shown in Fig. 1. The blood samples for the ART plasma concentration-time profiles were taken
for Groups 3 and 6 only. Similarly, the five blood smears in each of 9 groups were daily
collected for parasitaemia counts starting from the second day of the treatments. Three blood
samples in each of Groups 3 and 4 were collected after dosing on day 1 and day 4 at different
time points i.e., 0.25, 0.5, 1, and 3 hours. The dosing scheme and sample collections are shown

in Fig. 1.
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Fig. 1: Dosing scheme and sampling collection of in vivo experiments (1) and (i1)
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Parasitaemia counts
The percentage parasitaemia of Plasmodium berghei was calculated by counting the number

of infected and healthy erythrocytes under oil immersion (Zeiss Immersol 518N) at 100X
magnification. A region of the slide where the erythrocytes were spaced fairly evenly without
excessive overlapping was selected. A counting graticule with 2 squares as shown in Fig. 2 is
used to count the cells, where the healthy erythrocytes have round shape and looks like
biconcave discs and the parasitized cells are of different shapes under the microscope. The
shape of a parasitized cell indicates the stage of infection, detailed in Fig. 2(b). The daughter
parasites i.e. merozoites are motile in nature and invade the healthy erythrocytes. The ring stage
shows thin, delicate ring of parasite around the cytoplasm and one or two small chromatin dots.
The trophozoite stage has a characteristic signet ring with a denser cytoplasm as compared to
the young ring-stage. The schizonts have a coarse granular appearance with segments of
individual merozoites. The gametocyte is round in shape with a granular appearance and is
usually larger than healthy erythrocytes [50].

The healthy erythrocytes were assumed to be uniformly spread on the microscopic slide,
therefore, the healthy cells in the small red square, one-ninth area of the big square, were
counted, making the counting approach more time-efficient. The parasitized cells inside the
large square were counted. As some cells lie on the borders of the squares, any parasitized cells
which lied on the two borders in green of the large square were counted. The healthy cells lying
on the corresponding two parallel borders of the small red square were also counted. This
method allowed a systematic approach to count the cells where repetition in counting was
avoided whilst producing accurate and reproducible results. The counting was repeated for
different fields of the slide until over 50 parasitized cells or over 200 healthy erythrocytes were
reached. Cell Counting Aid software (Monash University, Australia) was used to count the
cells in both squares. At least five mice were used per group to calculate %parasitaemia shown
in Eq. (1).

14
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Pharmacokinetic parameters

PK parameters were calculated by the non-compartmental method from the plasma
concentration-time data. The area under the curve (AUC) from zero time to the last observed
time [AUC (3 hrs)] was calculated by the linear trapezoidal rule for ascending data points. The
area obtained by extrapolating from the last point to infinity [AUC(3 hrs-o0)] was calculated by
dividing the estimated concentration at the last data point with the elimination rate constant
which was estimated by log-linear regression of the terminal 3, 4 or 5 plasma concentration-
time data points. The total area under the plasma concentration curve was calculated as
AUC(0)=AUC(3 hrs) +AUC(3 hrs-o). The maximum plasma concentration (Cmax) Was
obtained directly from the plasma concentration-time data.

In order to illustrate the effectiveness of a cocrystal formulation, two dimensionless

parameters of rAUC (ratio of the area under curve of a cocrystal formulation relative to parent
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API) and rCmax (ratio of the peak concentration of a cocrystal formulation relative to parent

API) are given by,
rAUC = AUC(ART cocrystal) (2)
AUC (ART)
__ Crmnax(ART cocrystal)
rCmax - Cmax(ART) (3)

ART plasma concentration determination by Liquid Chromatography-High Resolution Mass
Spectrometry (LC-HRMS)

The samples collected from the mouse plasma were subjected to a protein precipitation
extraction process before they were analysed by LC-HRMS machine for ART concentration
determination. Samples were taken from -80°C and thawed at room temperature. 10 pL of each
plasma sample was mixed with 40 pL of acetonitrile containing 100 ng/mL SAN as the internal
standard, and was placed in an Eppendorf micro tube for processing. The mixture was vortexed
for 5 min and centrifuged for 20 mins at 10,000 rpm in an Eppendorf 5415R refrigerated
centrifuge (Eppendorf Limited, Stevenage, UK) at 4°C. The clear supernatant was filtered with
a4 mm PTFE membrane 0.2 pm syringe filter from Phenomenex (Macclesfield, U.K.) prior to
analysis on LC-HRMS.

The LC-HRMS system consisted of an Agilent 1290 UPLC coupled to an Agilent 6530
QTOF mass spectrometer (Agilent Technologies Ltd, Cheshire, UK), operated in the TOF
mode with a 20 parts-per-million mass to charge window. The target drugs were analysed on a
Kinetex UHPLC C18 column (1.7 um, 2.1 mm X 100 mm) which was preceded by a security
guard ultra-cartridge (Phenomenex, Macclesfield, UK). The column oven temperature was set
to 25°C. The mobile phase consisted of water containing 0.3% formic acid (eluent A) and
methanol (eluent B) and was delivered in 20:80 v/v respectively at 0.3 mL/min flowrate, with
a run time of 3 mins. The sample injection volume was 10 pL.

The mass spectrometer was operated in a positive ion mode with an electrospray ionization
source. The chamber conditions were optimized to give maximum analyte signal intensities as

follows: Fragmentor voltage: 150V; Gas temperature: 150°C; Dry gas: 6 1/min; Nebulizer: 30.0
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psig; Sheath gas temperature: 350°C; Sheath gas flow: 7.5 1/min; Mass range: 100-1000 m/z;
recording rate 4 GHz, HiRes; HRMS lock reference masses: 121.0508 m/z and 922.00987 m/z.
Mass Hunter Workstation Acquisition Software for TOF/Q-TOF version B.08.00 (Agilent
Technologies Ltd., Cheshire, UK) was used to operate the system and acquire all data. The data
was processed using Mass Hunter Workstation Qualitative Analysis Software Version B.07.00
(Agilent Technologies Ltd., Cheshire, UK). An external calibration of the TOF mass
spectrometer was performed daily prior to the analysis.

To prepare the calibration standards, 10 pL of 1x10° ng/mL ART stock solution prepared in
acetonitrile was used to spike 990 uL blank mouse plasma to provide a final ART plasma
concentration of 1x10* ng/mL. Dilutions with the blank mouse plasma were carried out to
provide a series of calibration standards, i.e. 50, 100, 250, 500, 750 and 1000 ng/mL with the
validation samples of 350 and 800 ng/mL. 10 pL of each of the standards was mixed with 40
pL of acetonitrile containing 100 ng/mL SAN as the internal standard for protein precipitation
extraction as described above. The accurate masses of the target drug ART and internal
standard SAN were determined prior to sample analysis. A standard mass spectrum in the full
scan range 100-1000 m/z was obtained by injection of 10 uL of each of the supernatants. The
most intense ions (m/z species) under the chosen operating conditions were: ART 283.1540
MH+; SAN 247.1329 MH+. The retention times were 0.9 and 1.1 mins for SAN and ART
respectively. ART’s LC-HRMS method parameters, detailed calibration curve and validation

can be found in Table S4 in the supporting materials.

PBPK Modelling
The Simcyp mouse simulator (Version 19 Release 1, SimCYP®, Sheffield, UK) is employed

to simulate the ART plasma concentration-time profiles of a formulation in the systemic
circulation of a mouse after dosing on D1 or D4. The in silico PBPK mouse model within the
simulator is based on the general anatomy and physiology of a 0.025 kg non-strain specific

mouse, which is similar to those used in the tests. Therefore, the default mouse physiology and
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anatomy (system) parameters incorporated in the Simcyp mouse simulator were selected in the
ART PBPK model. The required relevant physicochemical, physiological and pharmacokinetic
input data of ART in the simulations are shown in Table 1, which have been taken from the
literature [51-58]. Solid formulation (immediate release) was selected as formulation type in
the simulations where in vitro dissolution data of the ART formulation obtained in section
2.2.3, which has been converted into % drug dissolved shown in Table S9 in the supporting
materials, were used as the inputs to the in silico PBPK mouse model. Due to the difference of
the dissolution environments, time to achieve the same released percentage of the ART in vivo
could be significantly different from that in the in vitro experiment. To reflect this, a dissolution
scalar constant Kuiss between the sampling times of the in vifro dissolution and in vivo
experiment was introduced (details can be found in Table 1). /n silico clinical trials were carried
out over a time period of 24 hours following a single orally administered dose of 30 mg/kg. All
simulations were carried out in fed mice to mimic the in vivo studies. In order to achieve the
best simulations of the plasma concentration-time profiles and PK parameters [i.e., Cmax, Tmax
(time to Cmax), and AUC] of the ART formulation using the PBPK model, a sensitivity analysis
was carried out. The adjusted parameters included the dissolution scalar constant Kiss, blood
to plasma ratio B/P, the tissue to plasma partition coefficient K, scalar, and the oral clearance
(CLpo) using the ART plasma concentration-time profile after the first dose on D1. In order to
verify the reliability of the developed PBPK model, a simulation was performed to simulate
the ART plasma concentration-time profile of the ART alone formulation on D4. All of the
parameters in the trial designs of the fourth dose on D4 were same as those of the first dose on
D1 except the ART oral clearance due to the auto induction of CYP enzyme in a multiple-day
treatment. The studies have shown that the ART oral clearance could increase 3-6 fold over the
days in a multiple-day treatment [40-44]. In this study, the oral clearance CLyo.p4 of the forth

dose D4 was calculated by Eq. (4) in Table 1, which is inverse to its AUCp4(0).
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Finally, the predicted plasma concentration-time profiles of ART cocrystal formulations after
the first dose D1 and the fourth dose D4 were obtained by the developed PBPK model with the
inputs of in vitro dissolution data measured in section 2.2.3. Fig. 3 illustrates the strategy for
developing the PBPK models to predict the plasma concentration-time profile of an ART
cocrystal formulation.

Table 1: Parameters used for ART PBPK modelling simulations in Simcyp Mouse Simulator

Parameter Initial unoptimized | Ref/ comments Final optimized
Value value
PHYSICOCHEMICAL AND BLOOD BINDING PROPERTIES
Molecular 282.332
weight (g/mol)
LogPo:w 2.9 [59] Same as initial
) value
(Logarithm of
the  Octanol-
water partition
coefficient)
Compound Neutral
Type
B/P 1.10 The range of B/P value from | 1.27
1.10 to 1.60 was obtained
(Blood ”tO from a rat in vitro blood
plasma partition distribution study [57]. A
ratio) sensitivity analysis was run
to determine the optimal B/P.
fu (Fraction | 0.14 fu value was obtained from | Same as initial
unbound in the literature [58] and it was | value
plasma) also validated by the rat
plasma [52]
ABSORPTION RELATED PARAMETERS
Absorption ADAM
model
Fu gut 0.14 Assumed same as f, plasma | Same as initial
[60] value
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(Fraction of
drug unbound
in the gut)

Effective
mouse jejunum
permeability
(Pef)

1.44 X 10 cm/s

Per was obtained from an in
situ rat perfusion model [43]

Same as initial

value

Absorption rate
scalar

Default value within Simcyp
mouse simulator

Same as initial

value

Formulation Solid formulation; Immediate release; In vitro dissolution profile in pH
type 6.8 PBS 0.0IM (USP II) with pre-dissolved 0.05 mg/mL PVP-VA
polymer. Discrete, Fed mode, not allowing non-monotonic dissolution
profile.
Dissolution No Dissolution | % of drug dissolved over | 8
scalar constant | scalar used 1i.e.|time was entered in the
Kadiss where Kaiss=1. simulator and calculated as
(Table S9)
Each dissolution time point
was divided by Kgiss when an
in vitro dissolution profile of
a formulation was input into
the PBPK model. A
sensitivity  analysis ~ was
conducted on Kaiss values
from 0.5-12.
DISTRIBUTION PARAMETERS
Model Full PBPK model
Vss (L/kg) 0.18 K, scalar was adjusted to | 0.22
obtain Vssinrange 0.1-1L/kg
(Steady  -state from literature value[54, 61].
volume of
distribution)
K, scalar 0.003 A built-in model of Rodgers | 0.01

(Tissue-plasma
partition
coefficient)

and Rowland (Method 2) was
used.

ELIMINATION PARAMETERS- In vivo clearance
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CLpo (mL/min) | CLpo- CLpo in female rats after | CLpo.or = 3.53
p1=4.40mL/min single ART dose = 10.6 | mL/min for first
(Oral  plasma L/(h.kg); weight of mouse in | dose D1
clearance) for first dose D1 simulation=  0.025 kg
Therefore CLp,, = 4.40
mL/min [52]
CLpo-p4= 11.57 | The ART oral clearance | CLpo-p4 9.28
mL/min correction due to auto | mL/min
induction of CYP enzyme in
for fourth dose D4 | multiple-day treatment g; the fourth dose
_ CLpo-p1AUCpy ()
Clpo-pa = AUCp4(e)
4)
TRIAL DESIGN
Duration of | 24
study (hours)
Fluid intake | 0.20
with dose (mL) Same as planned experimental in vivo study
Dosing (mg/kg) | 30
Substrate Oral, single dose,
fed state
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Fig.3: Strategy of development of the PBPK models to predict the plasma concentration-time

profile of an ART cocrystal formulation
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Results

In vitro dissolution tests
In the first part of our study on formulation development, it was shown that PVP-VA at 0.05

mg/mL concentration was the optimal value for in vitro dissolution/permeation study [36]. In
this study, the dissolution performance parameter (DPP) was used for evaluating the dissolution
profile of ART cocrystals in the absence or presence of pre-dissolved PVP-VA polymer in
comparison to a reference system of ART in PBS [12]. DPP allows a quantitative comparison
of the dissolution performance of a cocrystal formulation with the parent drug formulation,
where a positive DPP value indicates an increased ability to dissolve and to be maintained in a
dissolution medium whereas a negative DPP value indicates that the formulation has a less
ability to dissolve and to be maintained in solution [12].

Fig. 4 shows the dissolution profiles of ART, ART-ORC and ART?-RES in the absence and
presence of 0.05 mg/mL of PVP-VA, under non-sink conditions. In the presence of the
polymer, ART solids showed a dissolution profile very similar to the one without the polymer
and its DPP value was 4% higher when the dissolution profile of ART in PBS was selected as
the reference.

ART-ORC and ART?-RES showed an advantage of improved dissolution relative to ART
solids both in the presence or absence of a pre-dissolved 0.05 mg/mL PVP-VA polymer. In
case of ART-ORC, the presence of PVP-VA showed an increase of DPP to 69% from 58% in
PBS alone. In the case of ART>-RES, PVP-VA polymer shows an increased DPP of 48% as
compared to 26% in pure PBS alone. These results are very similar to powder dissolution
studies in presence 0.1 mg/mL PVP-VA concentration (as shown in Part 1 of the study [36]),
however, as described in that paper, the 0.05 mg/mL PVP-VA is the most optimal concentration

for both dissolution/permeation study.
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Fig 4: Comparison of in vitro dissolution profiles of different formulations in the absence and

presence of 0.05 mg/mL of PVP-VA (a) comparison of in vitro dissolution profiles of ART,

ART-ORC and ART?-RES in PBS; (b) comparison of in vitro dissolution profiles of ART,

ART-ORC and ART?-RES in PBS in the presence of 0.05 mg/mL of PVP-VA; (c) comparison

of DPPs of different formulations.
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Stage 1: treatment regimens at a fixed ART dose of 30 mg/kg

Fig. 5 shows the representative images of smeared blood thin films taken from different
groups of mice over the period of D2 to D5. The blood smears contained both healthy
erythrocytes and parasitized cells. There was a mixed culture of parasitized cells observed in
the blood smears from the infected mice including merozoite invasion of erythrocytes, ring
stage, trophozoite and schizont formation (containing merozoites), rupture (releasing

merozoites) and gametocytes [S0].
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The results show that the parasitized cells in all groups represent either the merozoite
invasion of erythrocytes (green arrow in Fig. 5) or ring stage (orange arrow in Fig. 5) of the
malarial infection on D2 (at 24 hrs post-infection) of the Stage 1 experiments, indicating the
effectiveness of the infection process in the experiments. The percentage of healthy
erythrocytes (blue arrow in Fig. 5) is significantly higher than the parasitized cells in all groups
of mice.

On D3 of the experiments, an increase in parasitized cells in G1 with untreated mice and G3
with ART treated mice is observed where mostly ring stages and some trophozoites are
observed (red arrow in Fig.5). In G4 and GS5 treated by ART cocrystal formulations on D3, the
parasitized cells at ring stage and some trophozoites were also observed. However, there is no
significant increase of the number of parasitized cells in G4 or GS5. Overall, the number of
healthy erythrocytes is still higher than the parasitized cells in all groups on D3.

On D4, the parasitized cells of mice in G1 and G3 show presence of ring stage, trophozoite
and formation of schizont (yellow arrow in Fig.5) as well as a few ruptured schizont (black
arrow in Fig. 5) and gametocytes (pink arrow in Fig. 5). The number of healthy erythrocytes
reduced significantly as compared to previous days of the infection in both groups. In the
meantime, it is clearly shown that the number of the infected cells in G3 is much lower than
that in G1 in Fig. 5, indicating the effectiveness of ART treatment against Plasmodium berghei
infection. On the same day, parasitized cells were observed in the G4 and G5 sample, including
ring stage, trophozoite, formation of schizont as well as a few ruptured schizonts and
gametocytes. However, the number of parasitized cells is significantly lower as compared to
those of ART treatment in G3, indicating the improved efficacy of the ART cocrystal
formulation treatments.

On D5, the sample slides in G1 and G3 are largely covered by the parasitized cells, presenting

ring stage, trophozoite and formation of schizont as well as a multiple ruptured schizonts and
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gametocytes. The rupturing of schizont is confirmed by presence of free merozoites in the
bloodstream which were also stained on the slides. In contrast, the number of parasitized cells
on the sample slides of G4 and G5 has no increase, which is significantly lower than that in G3
or GlI.

It is worth noting that the two ART cocrystal formulations (i.e., ART-ORC and ART?-RES)
show similar effectiveness against Plasmodium berghei infection, as indicated by a similar
number of the parasitized cells in G4 and G5 from D2 and DS5. For the mice in G2 treated with
10 mg/kg CQ the number of parasitized cells on the slides was extremely low compared to the
healthy erythrocytes and no significant increase of the number of parasitized cells was observed
from D2 to DS, supporting the evidence that chloroquine is the most effective drug for
treatment of Plasmodium berghei infection [47].

The quantitative comparison of the percentage parasitaemia of Plasmodium berghei under
different treatments is shown in Fig. 6(a) (the data are given in Table S5 in the supporting
materials). For the untreated mice in G1 the percentage parasitaemia of Plasmodium berghei
in blood increased significantly over the five-day period, starting from 2.2% on D2 to 58% on
D5, indicating the Plasmodium berghei grew rapidly in the mouse blood circulation. Under the
treatment of CQ in G2, the infected blood cells of the mice were very low, with 2%
parasitaemia over the five-day period. The percentage parasitaemia of the mice in G3, treated
with 30 mg/kg ART, showed a considerably increasing trend, starting from 1.4% on D2 to 32%
on DS, although it is lower compared to that of control G1 (58%) with no treatment. The mice
in G4 and G5 were treated with ART cocrystal formulations, i.e., ART-ORC and ART>-RES
respectively, where the ART dose of 30 mg/kg was used as same as that of ART alone in G3.
Two ART cocrystal formulations achieved the same percentage parasitaemia, i.e., ~6%, which

was significantly lower than that of the mice in G3 treated with ART alone.
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The ART plasma concentration-time profiles, i.e., dosing regimen 1 which was the first dose
given on D1 after the mice were infected and dosing regimen 2 which was the fourth dose given
on D4, are shown in Fig 7(a). In the dosing regimen 1, all of the formulations generated the
highest ART concentrations at 0.5 hr, i.e., 572311 ng/mL in G3, 941£19 ng/mL in G4 and
783+157 ng/mL in G5. A complete elimination was observed after 3h of dosing the ART alone
formulation in G3. In contrast, ART can be detected in the blood at 3 hrs for both cocrystal
formulations in G4 and G5, 153+91 ng/mL and 160+0 ng/mL respectively. Overall, the
performance of the ART-ORC formulation was slightly better than that of ART2-RES
formulation. The relative ART exposures (rAUC) of the cocrystal formulations to the ART
alone formulation are 2.28 for ART-ORC and 2.22 for ART?.-RES. The ART plasma
concentration-time profiles in the dosing regimen 2 after the repeated dose on D4 (Fig. 7a)
show the same trend as those in the dosing regimen 1. There was no obvious difference of the
ART concentration-time profiles of the two cocrystal formulations, which are significantly
higher than that of ART alone formulation. The relative ART exposures to the ART alone
formulation are 2.59 for ART-ORC formulation and 2.55 for ART?-RES formulation. The
maximum ART concentrations were also generated at 0.5h, treated with the ART cocrystal
formulations, i.e., 246+33 ng/mL in G4 and 239+6 ng/mL in G5. A complete elimination was
observed after 3h of dosing ART alone formulation in G3. Similarly, ART was detected at 3 h
for both cocrystal formulations, which was 75+2 ng/mL treated with ART-ORC formulation
in G4 and 60+1 ng/mL treated with ART>-RES formulation in G5. It has to be stressed that the
maximum concentrations and exposure of ARTs in the dosing regimen 2 were significantly
reduced by more than 2-fold than those in the dosing regimen 1 for all of formulations. A

summary of results is shown in Table 2.
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Fig. 5: Representative images of smeared blood samples from experiment (i)

Group no. D2 D3 D4 D5
/treatment

meanzSD meanzSD meanzSD meanzSD

2.2+0.4 7.4+0.9 14.5+2.5 58.5+4.7

Group 1-
untreated

Group 2-
10 mg/kg CQ

Group 3-
30 mg/kg ART

Group 4-
30 mg/kg ART-

ORC

Group 5-
30 mg/kg ART?-
RES

Note: = healthy erythrocytes; =: the merozoite invasion of erythrocytes; — :ring stage of the
malarial infection;=» : trophozoites; : formation of schizont; = :ruptured schizont;

= gametocytes
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Table 2: PK parameters of the experiments (i) and (ii)

Regimen 1 Regimen 2
Formulation Cinax Tmax | AUC rAUC | rCmax Cmax Tmax | AUC rAUC | rCmax
(ng/mL) (h) (ng/mL*h) (ng/mL) (h) (ng/mL*h)
ART 572 0.50 | 369 1.00 1.00 91 1 165 1.00 1.00
Stage I | ART-ORC 941 0.50 | 840 2.28 1.64 246 0.50 426 2.59 |2.70
ART?-RES 783 0.50 | 818 2.22 1.37 239 0.50 420 2.55 2.61
Stage 2 | ART 363 0.50 | 685 1.00 1.00 164 0.50 236 1.00 1.00
ART-ORC 1098 0.50 | 1440 2.10 3.02 256 0.50 430 1.82 1.56
Avg of
Stage 1
and 2 ART 468 0.50 | 527 1.00 1.00 123 0.50 200 1.00 1.00
ART-ORC 1019 0.50 | 1140 2.16 2.18 251 0.50 428 2.14 | 2.04
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Fig. 6: comparison of percentage parasitaecmia under different treatments (a) at a fixed ART

dose in Stage 1; (b) at various fixed ART doses in Stage 2.

=o—Group 1- Untreated
70 —e—Group 2- Chloroquine 10mg/kg
=e—Group 3- ART 30mg/kg
60 =8—Group 4- ART-ORC 30mgrkg
—e—Group 5- ART?RES 30mglkg
[}
£
8]
‘n
o
IS
o
ES
(a)
60 ~o~Group 1- Untreated
=o~Group 2-Chloroquine 10mg/kg
=0=Group 3- ART 30mg/kg
50 ~o—Group 4- ART 10mglkg
=8=Group 5- ART 3mgl/kg
40 —8—Group 6-ART-ORC 30mg/kg
- =o—Group 7-ART-ORC 10mg/kg
I —e—Group 8-ART-ORC 3mg/kg
E 30 Group 9-DHA 30mglkg
0
g
& 20
BS
10
0
2 3 4 5
Day
(b)

30



Fig. 7: ART concentration-time profiles at a fixed dose of ART 30 mg/kg (a) Stage 1; (b) Stage

2; (c) Average Stage 1 and Stage 2
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Stage 2: Dose response treatment regimes
The best performing ART cocrystal formulation, ART-ORC, was selected for the second

Stage tests, aiming to establish repeatability and to determine any dose-response effect of the
ART cocrystal formulation. The various ART doses of 3 mg/kg, 10 mg/kg and 30 mg/kg for
both ART-ORC and ART alone formulations were conducted in the test. The references of the
experiments included the untreated mice in G1 and those treated by CQ solution at a dose of
10 mg/kg in G2. Dihydroartemisinin (DHA), which is a derivative of ART and a well-known
artemisinin derivative used in ACT, was also tested at a dose of 30 mg/kg in the Stage 2
experiments and parasitaemia percentage was calculated for this group.

The evolution of the percentage parasitaemia of Plasmodium berghei under different
treatments is shown in Fig. 6(b) and data is given in Table S6 in the supporting materials. The
percentage parasitaemia of Plasmodium berghei of the untreated mice in Gl increased
significantly over the five-day period, from 1.5% on D2 to 52% on D5. Treated with 10 mg/kg
CQ in G2 and 30 mg/kg DHA in G9, the infected cells of the mice remained as low as ~2%
over the same period. The mice in G3, G4 and G5 were treated by ART alone formulation with
various dose strengths of 30 mg/kg, 10 mg/kg and 3 mg/kg respectively. It was observed that
the percentage parasitaemia of mice in G3 treated by 30 mg/kg ART increased from 1.9% on
D2 to 27% on D5. With a reduced ART dose, the percentage parasitaemia of Plasmodium
berghei increased significantly, i.e., from 2% on D2 to 48% under the dose of 10 mg/kg and to
50% under the dose of 3 mg/kg on D5, respectively. They were almost the same as those of
untreated mice in G1. The mice in G6, G7 and G8 were treated by the ART-ORC formulation
with the various ART dose strengths of 30 mg/kg, 10 mg/kg and 3 mg/kg respectively. The
percentage parasitaemia of mice in G6, which were treated by 30 mg/kg ART of ART-ORC
formulation, slightly increased from 1.7% on D2 to 4.6% on D5. The percentage parasitaemia

of mice in G7 and G8, which were given 10 mg/kg and 3 mg/kg ART of the ART-ORC
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formulations, increased from 1.8% on D2 to 34% on D5 and from 2% on D2 to 46% on D5
respectively.

The ART plasma concentration-time profiles were also obtained for the treatments of ART-
ORC and ART alone formulations at an ART dose strength of 30 mg/kg, aiming to investigate
the repeatability of the results. The ART plasma concentration-time profiles of both the dosing
regimen 1 (D1) and dosing regimen 2 (D4) are shown in Fig 7(b). The summary of the PK
parameters is shown in Table 2. Although there were variations of ART concentrations at the
sampling points, the trends of the ART plasma concentration-time profiles are same, i.e., ART
concentration-time profile of ART-ORC formulation is much higher than that of ART alone
formulation and significant reductions of the maximum concentrations and exposure of ARTs
in the dosing regimen 2 were also observed. In particular, the two dimensionless parameters of
rAUC and rCmax in both of the dosing regimens of the two-Stage tests are comparable, showing

a good repeatability of the experiments.

PBPK modelling
Due to the pharmacokinetic variability within the mouse populations, the averaged ART

plasma concentration profile of the dose regimen 1 on D1 obtained from both Stage 1 and Stage
2 tests shown in Fig 7(c) was used for the PBPK model development while that of the dose
regimen 2 on D4 was used for the model validation.

Simulations of the oral mouse plasma concentration-time profiles for the ART alone
formulation were performed, with the model inputs including the in vitro dissolution data in
Fig. 4(b) and the drug specific properties (initial unoptimized value) in Table 1. Because of the
difference of the dissolution environments, dissolution times reaching the same percentages of
the dissolved ART in the formulation between in vitro and in vivo could be significantly
different. Consequently, a large discrepancy between the predicted and measured ART

concentration-time profiles can be observed if the in vitro dissolution data [Fig. 4(b)] were used
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directly as inputs to the model along with unoptimized values (Table 1), as shown in Fig. 8(a).
The Cmax was off by 2.35-fold and Tmax was higher by almost 3.76 times and AUC was
approximately the same, detailed in Table S7 in the supporting materials. The shape of
concentration vs time profile was very different as compared to the experimental profile.
Additionally, the predicted oral mouse plasma concentration-time profile was highly dependent
on the ART specific properties in Table 1. Most of the parameters obtained are consistent from
different sources while the others show a big discrepancy, in particular B/P with a range from
1.10to 1.60 [57] and Vss with a range from 0.1 to 1 L/kg [54]. In order to achieve these values
of Vss in the simulations, K, scalar value has to be adjusted accordingly from 0.003- 0.200 in
the Simcyp settings, which is a requirement of a full PBPK model.

As the first step of the oral PBPK model development, parameter sensitivity analysis was
used to investigate the impact of the changes of the dissolution scalar constant Kgiss, blood to
plasma partition ratio B/P and tissue-plasma partition coefficient K, on the oral exposure. The
ranges and steps of these parameters investigated are shown in Table S8 in the supporting
materials. In these analyses, a constant oral clearance value of 4.40 mL/min in Table 1 was
used as found from the literature [52]. A predicted error considering all three key PK measures,

1.e., Tmax, Cmax and AUC, was calculated as

B _ 1 abS(Tmax_predicted_Tmax_experimental)
E (K=, Ky) = TTmax +
P TTmaxtTCmaxtTAavuc Tmax_experimental

abs(cmax_predicted_Cmax_experimental) +7r abs(AUCpredicted— AUCexperimental))

Temax AUC

Cmax_experimntal AUCexperimental

()

where Tmax _predicted, Cinax _predicted and AUCpredicted are the prediCted Values; Tmaxiexperimental,

Cax_experimental and AUCexperimental are the experimental values of the averaged ART plasma
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concentration profile of the dose regimen 1 (D1) in Stage 1 and 2; "rax»> Temax and 1ayc are
the weighting factors.

The combinations of the values of Kuiss, B/P and K, can result in prediction error within the
range of 0.08 - 1.20 (Fig. 8(b) and Fig. S1 in the supporting materials) under the same weighting
factors as "rmax = Temax = Tave = 1. Initially, the K;, range was selected between 0.003 and
0.200, which showed that the smallest error lay between 0.003-0.020. Therefore, this range was
selected to obtain a precise error prediction. The smallest error of 0.08 was obtained by the
optimal combination of Kgiss = 8, K, = 0.01 (i.e. Vss = 0.22 L/kg) and B/P =1.27 as shown in
Fig. 8(b), under which the comparison of the predicted and experimental ART plasma
concentration-time profiles is shown in Fig. 8(a). In comparison with the observed PK values,
the Cmax was off by 1.26-fold and both Tmax and AUC were the same as experimental values,
detailed in Table S7 in the supporting materials.

In order to further improve the accuracy of the model prediction, in particular the prediction
of Cmax, sensitivity analysis of the ART oral clearance CLy, within the range of 1-5 mL/min
was also conducted under the optimal parameter combinations of Kaiss, B/P and K, obtained
above. The weighting factors in the prediction error in Eq., (5) were set as 7¢pqy = 2 and
Trmax = Tavc = 1. The prediction error as a function of the ART oral clearance is shown in
Fig 8(c), in which the minimal prediction error was achieved at the oral clearance of 3.53
mL/min. The comparison of the predicted and experimental ART plasma concentration-time
profiles with final optimised parameters is also shown in Fig. 9(a) and the detailed PK value
comparison is shown in Table 3, indicating the Cmax, AUC and Tmax of the ART formulation
can be predicted accurately.

The reliability of the developed PBPK model was validated by performing a simulation to
predict the ART plasma concentration-time profile of the dose regimen 2 of the ART alone

formulation on D4. Because ART induces its own metabolic elimination on repeated doses, a
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new in vivo oral clearance of 9.28 mL/min was used in the simulation, which was based on the
measured in vivo data calculated by Eq. (4), while the other parameters were same. Fig. 9(b)
shows the comparison of the predicted and measured concentration-time profile and
comparison of the predicted and measured PK parameters are given in Table 3. It is shown that
the ratios of measured and predicted Cmax and AUC for ART were 0.69 and 0.79 respectively.

The predicted Tmax was exactly the same as the experimental value i.e. 0.5h.
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Fig. 8: ART PBPK model development: (a) Comparison of experimental and predicted ART concentration vs time profiles; (b) the predicted error
as a function of B/P and K, with the fixed Kaiss=8 and CLp, = 4.4 mL/min at the same weighting factors of 7rimax = Temax = Tavc = 1; (c) the
predicted error as a function of the oral clearance CL,,, with the optimized values of Kaiss=8, B/P=1.27, and K, =0.01 and the weighting factors of
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The ART PK profiles after oral administration of ART cocrystal formulations on D1 and D4
were simulated by the developed mouse PBPK model along with their respective in vitro
dissolution data [Fig.4(b) and Table S9] as model inputs. Fig. 9 (c, d, e, ) depicts the simulated
and observed ART plasma concentration-time profiles of cocrystal formulations and PK
parameters are shown in Table 3. It is clearly shown that there is good agreement between
observed and PBPK model predicted ART concentrations for both ART cocrystal formulations.
The predicted AUCs of the ART cocrystal formulations on D1 and D4 are within 1.5-fold of
the observed values, i.e., 1.29 and 1.28 for ART-ORC formulation and 1.06 and 1.43 for ART?-
RES formulation. The predicted Cmax values of the ART cocrystal formulations on D1 and D4
are within 2-fold of the observed values. The predicted Tmax values of the ART cocrystal
formulations, i.e., 0.35 h at D1 dosing and 0.31 at D4 dosing, were lower than those of the
observed 0.5 h, which was also expected due to the limited number of observed points in the

animal experiments.
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Fig. 9: Comparison of predicted and measured plasma concentration-time profiles: (a) ART

formulation at D1; (b) ART formulation at D4; (¢) ART-ORC formulation at D1; (d) ART-

ORC formulation at D4; (¢) ART2-RES formulation at D1; (f) ART?-RES formulation at D4
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Table 3: Comparison of predicted and measured PK values

Regimen 1 (D1) Regimen 2 (D4)
Cmax (ng/mL) | AUC Tmax | Cmax AUC Tmax
(ng/mL*h) (h) (ng/mL) | (ng/mL*h) (h)
ART
Experimental | 468 527 0.50 | 123 200 0.50
Predicted 463 666 0.52 | 178 254 0.50
Ratio 1.01 0.79 - 0.69 0.79 -
ART-ORC
Experimental | 1019 1140 0.50 | 251 428 0.50
Predicted 546 882 0.35 | 211 335 0.31
Ratio 1.87 1.29 - 1.19 1.28 -
ART?-RES
Experimental | 783 818 0.50 | 239 420 0.50
Predicted 482 772 0.35 | 186 294 0.31
Ratio 1.63 1.06 - 1.28 1.43 -

Discussion and conclusion
Artemisinin-based combination therapies are currently the frontline antimalarial therapeutic

agents in clinical use. However, the parent compound ART, cannot be used directly in the
therapies because of its extremely low bioavailability caused by its poor water solubility and
dissolution rate. The derivatives, such as artemether, arteether, dihydroartemisinin and
artesunate, are used in the therapies [62]. However, the production of these semisynthetic
derivatives of ART add significantly high manufacturing costs. For example, the cost of ART
is around 180-420 US$/kg in comparison with 3500 US$/kg of dihydroartemisinin which is
used to synthesize other derivatives such as artemether and artesunate. Such high cost has

severely restricted their use in many countries where malaria is rife [63].
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The work has demonstrated for the first time that cocrystallisation of ART can enhance its
clinical performance. In the in vivo mouse model study, it has been shown that 58% of the
blood cells were infected without treatment after 5 days of infection by Plasmodium berghei
strains. It is not surprising that the ineffectiveness of clinical outcome was observed when the
mice were treated by 30 mg/kg ART formulation, in which 32% of the blood cells were infected
on the fifth day. The two ART cocrystal formulations show an outstanding performance against
infection of Plasmodium berghei in mice. Over the course of the 4-day treatments at a repeated
dose of 30 mg/kg, the percentage parasitaemia was kept at 6%, which is a five-fold reduction
compared with the treatment by the same dose of ART formulation. The performance of the
ART cocrystal formulations was slightly less effective than treatment with chloroquine or
dihydroartemisinin which can keep the cell infection rate at 2%. The improved efficacy of the
ART cocrystals was supported by the ART PK parameters shown in Fig.7 and Table 3. For
regimen 1, the relative ART cocrystal exposures to the ART formulation, rAUC, are 2.16
(averaged Stage 1 and 2) for ART-ORC formulation and 2.22 (Stage 1) for ART>-RES
formulation, and relative ART cocrystal maximal concentrations to the ART alone formulation,
Cmax, are 2.18 (averaged Stage 1 and 2) for ART-ORC formulation and 1.37 (Stage 1) for
ART2RES formulation. For regimen 2, the relative ART cocrystal exposures to the ART
formulation, rAUC, are 2.14 (averaged Stage 1 and 2) for ART-ORC formulation and 2.55
(Stage 1) for ART2-RES formulation, and relative ART cocrystal maximal concentrations to
the ART alone formulation, rCmax, are 2.04 (averaged Stage 1 and 2) for ART-ORC formulation
and 2.61 (Stage 1) for ART2-RES formulation. It is shown in Fig.7 and Table 3 that time to
reach the therapeutic level decreased significantly due to an increased ART concentration of
the plasma concentration-time curve by an ART cocrystal formulation, leading to improved

therapeutic effect.
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Both the ART and two ART cocrystal formulations revealed time-dependent
pharmacokinetics (Fig. 7). A similar reduction of the ART exposure from the first dose to the
fourth dose was observed for each of the formulations, ca. 50%. This had been observed in
other studies with ART before, and is considered the result of induction of several enzymes in
the cytochrome P450 (CYP) family, such as CYP2B6 in humans and CYP2B10 in mice,
CYP2A6 and CYP3A4, for elimination of ART before reaching the systemic circulation [40-
44].

It is highly likely that there is no therapeutic effect by the fourth dose D4 of the ART
formulation because of its Cmax of 123 ng/mL (averaged over Stages 1 and 2), leading to
incomplete parasite clearance in mice. In contrast, the therapeutic effect of an ART cocrystal
formulation was likely to be maintained because a significantly higher Cmax was observed by
the fourth dose D4, i.e., 251 ng/mL (averaged Stage 1 and 2) for ART-ORC and 239 ng/mL
(Stagel) for ART*-RES, showing a significant improved performance against infection of
Plasmodium berghei in mice in Fig. 6.

The dose response test [Fig. 6(b)] indicated that a significantly lower dose of ART cocrystal
in the formulation was needed to achieve a similar antimalarial therapeutic effect as ART
formulation, i.e., 10 mg/kg of the ART-ORC vs 30 mg/kg of ART or 3 mg/kg of the ART-
ORC vs 10 mg/kg of ART were similar. Therefore, the overall additional manufacturing cost
of ART cocrystals was expected to be insignificant. A lower dose of ART cocrystals can also
reduce toxicity and increase patient compliance to maximize the benefits of the treatments.

Although the in vivo mouse study approved to be effective, a reliable prediction of the
pharmacokinetics of the ART cocrystals in human is needed to proceed into the clinic with the
designed formulations. Another important issue is related to deciding upon the rank ordering
of ART cocrystals for further testing. Although it is not significant here because only two ART

cocrystals are available at this stage, the issue could be critical for other compounds. Cocrystals
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have the potential for greater flexibility and diversity in the created forms than salts or hydrates
due to their compatibility with non-ionizable APIs and a large range of pharmaceutically
acceptable coformers that are potentially available, each of which could lead to different
pharmacokinetics in human [64, 65]. Early simulations in preclinical species will play a central
role in the development of more predictive methods to establish in vitro and in vivo correlations
for different cocrystals intended to improve the properties and to support clinical candidate
selection, contributing to assessment of cocrystal developability.

The study has illustrated that information from classical in vitro and in vivo experimental
investigations of the parent drug of ART formulation can be coupled with PBPK modelling to
predict the PK parameters of an ART cocrystal formulation in a much more efficient manner.
The rationale of the methodology is based on the fact that cocrystals modulate the parent drug
pharmacokinetics through changes of its dissolution rate and solubility due to non-covalent
bonds in crystal structures. Thus, cocrystals retain the safety and therapeutic properties of the
parent API. This is certainly the case for ART cocrystals, showing improved in vitro dissolution
rates and in vivo performance in the mouse model test.

An in silico PBPK model using Simcyp Mouse Simulator was successfully built for the ART
cocrystal formulation based on the physicochemical and physiological data of ART, the
anatomical and physiological parameters of mice and in vitro dissolution data of the ART
formulation as inputs to fit the oral PK profile measured after the first dose. Sensitivity analysis
were performed as a means to optimize particular model parameters with high uncertainties,
i.e., Kdiss, B/P, K; and CLy, in this work. The model was validated using in vivo data obtained
from the forth dosing, with the same in vitro dissolution data as the model inputs. It should be
stressed that when applied to predict the in vivo PK profiles of ART formulation on repeated
dose treatments, the developed PBPK model also needs a time-dependent oral clearance as a

model input because of autoinduction of some of the enzymes involved in ART metabolic
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elimination. The oral clearance of the fourth dose was corrected by the ratio of the ART
exposure to the first dose. Overall, the developed PBPK model was able to reliably simulate
the plasma concentration-time profiles of ART, ART-ORC and ART?-RES formulations. The
predicted AUC values and Cnax values of the ART cocrystal formulations at D1 and D4 dosing
are within 2-fold of the observed values [66]. These results indicate that the PBPK models were
able to accurately capture the observed PK data for ART formulations.

The in vivo absorption trend observed is consistent with that of in vitro dissolution
performance defined by DPP, i.e., higher DPP of a formulation leads to higher in vivo
absorption. However, a quantitative correlation of in vitro and in vivo performance proved to
be difficult. For example, although the DPPs are significantly different between the two ART
cocrystal formulations, similar in vivo performances were observed in Fig. 7. Therefore, the
developed PBPK model can serve as a means to provide in vivo context to the impact of
different cocrystal forms on the in vivo performance. This is particularly important for those
drugs with narrow therapeutic windows. It is likely that the actual Tmax for ART cocrystal
formulations is lower than 0.50h which was determined experimentally due to the limited
sampling points. Therefore, it was not unexpected that the predicted Tmax values of the cocrystal
formulations were lower than the experimental values for both dosing regimens. If the in vivo
experiments were to be repeated again, additional time points can be included. Determination
of an increased oral clearance using Eq. 4 was a reliable method as the predicted and
experimental values were much closer for all formulations in dosing regimen 2. The variability
between the results also has to be taken into account as an average of experimental ART plasma
concentration-time profiles was calculated for ART and ART-ORC. It has been seen that ART-
ORC has shown highest differences between predicted and experimental results. The average
experimental results of Stage 1 and Stage 2 has shown a higher variation. The effect of this has

also been observed in predicted results of ART-ORC.
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In addition, comparison of the prediction by the PBPK model and the measured in vivo PK
data can be used for in vivo DDI predictions if the coformer is an active ingredient. /n vivo
DDIs can lead to a large discrepancy between the predicted and measured in vivo PK data if
the DDIs are not built into the PBPK model. In this study, it was clearly shown that there was
no DDI between ART with ORC or RES because the developed PBPK model without
considering the DDIs can predict the observed ART PK data accurately.

In conclusion, the results of this study generated a scientific framework that will help
formulation scientists to adequately evaluate the performance of pharmaceutical cocrystal
formulations by applying an optimized PBPK model in an early stage of drug product
development. Currently there are many applications using cocrystallisation strategy to improve
the existing drug product performance. The in vivo data of these parent drugs are readily
available. Therefore, in this study we focused on prediction of the in vivo performance of the
drug cocrystals based on the in vitro dissolution performances of the parent drug and cocrystals.
The strategy is given in Fig. 3, where the PBPK model of the parent drug was firstly developed
and then it was applied to predict the in vivo performance of the cocrystals. In our best
knowledge, it is the first study as an alternative approach to allometric scaling to be published
to guide this important process studies. This can shorten the time needed for the cocrystal
product development process. Considering the overall economic gain and the current
simulation of an increasing resistance of malaria parasites to quinoline based anti-malarial
drugs, the impact of the work could be significant with a huge potential for the ART cocrystals

low cost and high efficacy artemisinin-based combination therapies.
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