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Abstract

In the current work, screening of polymers viz. polyacrylic acid (PAA), polyvinyl pyrrolidone vinyl acetate (PVP VA), and
hydroxypropyl methyl cellulose acetate succinate (HPMC AS) based on drug-polymer interaction and wetting property was
done for the production of a stable amorphous solid dispersion (ASD) of a poorly water-soluble drug Riluzole (RLZ). PAA
showed maximum interaction and wetting property hence, was selected for further studies. Solid state characterization stud-
ies confirmed the formation of ASD with PAA. Saturation solubility, dissolution profile, and in vivo pharmacokinetic data
of the ASD formulation were generated in rats against its marketed tablet Rilutor. The RLZ:PAA ASD showed exponential
enhancement in the dissolution of RLZ. Predicted and observed pharmacokinetic data in rats showed enhanced area under
curve (AUC) and C,,,, in plasma and brain with respect to Rilutor. Furthermore, a physiologically based pharmacokinetic
(PBPK) model of rats for Rilutor and RLZ ASD was developed and then extrapolated to humans where physiological
parameters were changed along with a biochemical parameter. The partition coefficient was kept similar in both species. The
model was used to predict different exposure scenarios, and the simulated data was compared with observed data points. The
PBPK model simulated C,,,, and AUC was within two times the experimental data for plasma and brain. The C,,, and AUC
in the brain increased with ASD compared to Rilutor for humans showing its potential in improving its biopharmaceutical
performance and hence enhanced therapeutic efficacy. The model can predict the RLZ concentration in multiple compart-

ments including plasma and liver.

Keywords amorphous solid dispersion - dissolution - hepatotoxicity - physiologically based pharmacokinetic model -
riluzole

Introduction

Owing to the advancements in combinatorial chemistry
and high throughput screening, a large number of drug
molecules are discovered with target specificity [1]. How-
ever, most of them found to have poor bioavailability due
to high hydrophobicity. Highly hydrophobic drugs are
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poorly aqueous soluble that limits their absorption and
thus bioavailability. Poor aqueous solubility is one of the
major factors for most of lead compounds to fail in clinical
studies despite their promising therapeutic effect. A high
percentage of marketed drugs (about 40%) and products
in R&D pipeline (over 90%) found to have solubility lim-
ited absorption responsible for poor drug bioavailability.
Therefore, a variety of formulation techniques have been
employed to address solubility issues of hydrophobic
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drugs. Formulation of poorly aqueous soluble drug as
amorphous solid dispersion (ASD) can significantly
improve the solubility and dissolution rate of drug. ASD
is a potential supersaturated drug delivery system which
improve the pharmaceutical performance of hydrophobic
drug by increasing its aqueous solubility and dissolution
rate. ASD consists of active component homogeneously
dispersed within an excipient matrix to give a single-phase
binary amorphous system. The amorphous form of drug
as a result of ASD preparation is responsible for apparent
solubility and improved dissolution profile compared to
its crystalline counterpart. This can be due to the fact that
drug in amorphous state does not require much energy to
break the crystal lattice, and get easily dissolve in aqueous
solvent than crystalline drug. Additionally, ASD can aid
in attaining a high supersaturation state that may result in
increased flux across the membrane, henceforth improving
drug bioavailability. The hydrophilic polymeric matrix of
ASD is responsible for increased wettability of hydropho-
bic drug responsible for attaining high solubility and a
supersaturated state [2, 3]. ASDs of pure drug are highly
thermodynamically unstable and can undergo solution
mediated phase separation in absence of stabilizers. With-
holding the drug in its amorphous state is a challenging
task hence the type and concentration of polymer as stabi-
lizer is paramount [1]. The physicochemical properties of
drug as well as polymer significantly impact the properties
of resultant ASD.

RLZ is a poorly water-soluble drug and has neuro-
protective and anti-excitatory action. It is the only US
FDA-approved drug for amyotrophic lateral sclerosis
(ALS) for oral route of administration [4]. The human
dose RLZ is 100 mg/day (50 mg twice a day), which
attenuates the disease progression including a favorable
risk to benefit ratio [5—7]. Clinical trials (approximately
18 months) have shown that RLZ can extend the survival
time by 2-3 months with a reduction in death rate by 43%.
However, the major challenges associated with RLZ is low
bioavailability leading to reduced on-site efficacy and high
dose-related drug-induced liver injury (DILI), accompa-
nied with increased alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels. Neutropenia is
another condition for which healthcare providers have to
be vigilant [8]. The RLZ has a mean absolute oral bioavail-
ability of only 60% [9]. It has a low solubility of 0.3 mg/
ml responsible for dissolution rate limited absorption and
poor oral bioavailability [1, 10].

To overcome the RLZ associated problems, formulation
of drug as ASD is proposed and a better understanding of
pharmacokinetic (PK) is required which can be achieved
by PBPK model. PBPK models are mathematical models
which incorporate physiological and biochemical parameters
to predict the concentration-time profiles in different organs.
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They give an edge in estimating the PK profile of drug in
its preclinical ADME study, estimating the drug exposure
in a target organ dependent on physicochemical properties
of ASD [11]. The development of a PBPK model of ASD
consider the pharmacokinetic profile of RLZ administered
as ASD for determining its safety and efficacy assessment.

The objective of present work was (i) screening of poly-
mers for the preparation of ASD, (ii) development of RLZ
ASD with selected polymer, (iii) conducting the animal
experiments for obtaining PK profile for RLZ ASD and mar-
keted formulation, and (iv) development of PBPK model in
rat for determining possible pharmacokinetic parameters in
human and thus evaluating the ASDs efficacy and toxicity
in humans. The model validation was done by extracting the
clinical data on humans from published literature.

Materials and Method

RLZ was generously provided by Alkem laboratories,
Mumbai, India, as gift sample. PAA, PVP VA, and HPMC
AS were received as a gift sample from Ashland, Mum-
bai, India. 5-Methoxypsoralen and dimethyl sulphoxide-d6
were purchased from Sigma Aldrich. Pepsin, lecithin, and
sodium taurocholate were purchased from SRL Pvt Lt. All
the solvents used were of analytical grade.

Screening of Polymers
Preparation of Amorphous Solid Dispersion of RLZ

ASD was prepared employing rapid solvent evaporation
technique in a rotary evaporator (IKA RV 10 auto pro V).
1:1 ratio of methanol and dichloromethane were taken for
dissolving RLZ and PAA, PVP VA, and HPMC AS in dif-
ferent weight ratios (30:70, 20:80, and 10:90) under constant
stirring. The prepared solution was then evaporated under
vacuum at a bath temperature of 40°C, and a vacuum gra-
dient of 500 mBar to 2 mBar was gradually applied. The
ASDs were kept in a vacuum oven for 24 h at 25°C in order
to eliminate remaining solvent. The samples were passed
through ASTM #100 and stored at 4°C.

Nuclear Magnetic Resonance

The molecular level interaction in solution state was deci-
phered by performing 'H-NMR (500 MHz) using Bruker
500 FT NMR spectrometer. The NMR spectra of RLZ, poly-
mers, and physical mixtures of 70:30% w/w of drug and
individual polymers were taken. All the samples were dried
to remove moisture and then dissolved in dimethyl sulfoxide-
d6. The values of chemical shifts have been reported in parts
per million (ppm) which are referenced to internal standard
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tetramethylsilane (TMS). The values of coupling constants
(/) have been reported in hertz.

Contact Angle Study

For contact angle study, 150 mg of each powder sample
(ASDs with different polymers in 10:90 drug polymer
ratio, pure polymers, and pure drug) was compressed under
hydraulic press for a dwell time of 30 s at a pressure of
50 MPa to form a cylindrical pellet with a 10-mm diameter.
The contact angle of powder compacts was determined uti-
lizing the Drop Shape Analyzer device (contact angle goni-
ometer assembled by DuraVision) using the sessile drop
method. A predetermined volume of water from a syringe
was dispensed on the sample surface, and then, video images
were captured. All the readings were taken in triplicate, and
mean values are reported. The readings were taken under
ambient condition.

Solid-State Characterization
Powder X-ray Diffraction Study

PXRD study of different ratio of RLZ:PAA ASD was eval-
uated under Rigaku Miniflex 600 X-ray diffractometer at
ambient temperature. Monochromatic Cu K radiation at
100 mA and 40 kV in the vicinity of 5-50° scanned at 5°/
min with an angular increase of 0.02°/s were used for the
study.

Differential Scanning Calorimetry Study

To examine the thermal behavior of the prepared ASD,
the samples were analyzed under DSC. Sample weighing
approximately 3—-5 mg was taken in crimped aluminum pans
and heated under DSC from —40—140°C at a scan rate of
20°C/min. Nitrogen purge at a rate of 50 ml/min was main-
tained throughout the DSC runs.

Transmission Electron Microscopy

For TEM studies, homogenous solutions of different ratio of
drug and polymer in the 1:1 DCM: methanol mixture were
prepared, and spin coated on 200 mesh carbon coated copper
grid. Bright field images and selected area electron diffrac-
tion (SAED) pattern were captured on Tecnai G2T20 TEM
operating at 200 kV for analyzing the samples.

High-Performance Liquid Chromatography Method
For quantitative analysis of drug in various studies a HPLC

system (Waters Milliford, USA) connected to a photodiode
array (PDA) detector (model 2998, Waters, USA),a LC

system consisting of a binary pump (model 1525; Waters,
USA), a manual injector valve with 20 pL loop, and C18
column (150 mm X4 mm; 5 pm) was utilized. The injection
volume of 20 pL was taken, and sample detection was done
at a wavelength of 264 nm. The mobile phase constituted
acetonitrile: water in a ratio of 65:35 and 1 ml/min flow rate.
The analysis run time was 10 min. The Breeze program was
utilized to carry out the data acquisition.

Biopharmaceutical Performance Evaluation
Saturation Solubility Study

The solubility of RLZ in different media was evaluated
using the shake flask method. Media with different pH (1.2,
and 6.8) and biorelevant media viz. fasted simulated gastric
fluid (FaSSGF) and fasted simulated intestinal fluid (FaS-
SIF) were used for the study. The solubility study was done
using shake flask method for 72 h at 37 +0.5°C. In a 100-ml
volumetric flask, 50 mL of the media and about 100 mg of
RLZ were added. After 24, 48, and 72 h, samples were taken
out, filtered through 0.2 pm filters, diluted appropriately, and
then subjected to an HPLC analysis. The study was done in
triplicate, and mean values are reported.

In Vitro Dissolution Testing

The dissolution of RLZ from ASD versus Rilutor was eval-
uated employing USP type-1I apparatus (Electrolab India
Pvt Ltd.). Nine hundred milliliters of 0.1 N HCI (pH 1.2)
and FaSSGF were used for the dissolution experiments,
which were carried out at 37.0+0.5°C with a paddle rotat-
ing at a speed of 50 rpm. Rilutor tablets and RLZ ASDs
equivalent to 50 mg RLZ were filled inside hard gelatin
capsules and added to each vessel. Samples (5 mL) were
taken at set intervals (5, 15, 30, 45, 60, 90, and 120 min).
The volume was kept constant by adding fresh media in an
equal amount. HPLC method as described above was used
for the RLZ concentration determination. The study was
done in triplicate, and mean values are reported.

Plasma and Brain Pharmacokinetics in Male Rats

The study was done according to the approved study pro-
tocol (IIT(BHU)/IAEC/2022/010). Adult male Wistar rats
were kept in standard laboratory conditions and were pro-
vided with a standard pellet meal and water. Eight rats
were divided randomly in two groups. The first group
received RLZ-PAA ASD, while the second group received
crushed Rilutor of RLZ at a dose equivalent to 10 mg/kg,
administered orally via oral gavage. Before administration,
each formulation was prepared by suspending it in a 0.5%
w/w solution of carboxymethyl cellulose. Blood samples
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were collected from the retro-orbital route at specific time
intervals: 0, 0.25, 0.5, 1, 2, 3, 6, and 12 h, in heparinized
micro-centrifuge tubes. Immediately after blood collec-
tion, plasma separation was done using a centrifuge at
7000 rpm for 5 min at 4°C. The supernatant plasma was
separated using a micropipette and stored at —20°C until
further processing.

To study brain kinetics, thirty rats were divided into
two groups. Each rat received an oral dose equivalent to
10 mg/kg RLZ-PAA ASD and crushed Rilutor of RLZ.
Three animals each at 0.5, 1, 2, 6, and 12 h were killed
for brain extraction. For brain homogenate preparation,
the brain was weighed accurately and homogenized with
1:5 w/v of 50% v/v aqueous acetonitrile. The brain tissue
sample was then centrifuged at 10,000 rpm for 10 min,
and the supernatant was collected [10]. Samples of brain
homogenate were stored at — 80°C until further analysis.
The control blank plasma and brain were drawn from rats
before dosing, processed, and stored until analysis.

For the preparation of the calibration curve, 90 ul of
a biological sample (plasma or brain homogenate) was
spiked with 10 pl of working solutions ultimately produc-
ing a drug concentration ranging from 20 to 2000 ng/ml
[12]. The biological sample (100 ul) was taken, and ACN
(100 pl) was added to facilitate protein precipitation. The
mixture was vortexed for 1 min and then centrifuged at
10,000 rpm for 10 min. Supernatant (100 pl) was collected
and subjected to heating at 80°C under constant nitrogen
purge. The residue was then reconstituted with 100 pl solu-
tion of 5-methoxypsoralen in a concentration of 20 ug/ml
and vortexed further for 5 min. The resultant solution was
then injected into HPLC for drug quantification set at the
parameter described above.

Literature Data Extraction for PBPK Modeling
Rat Literature Experimental Data

Data were extracted from a study by Ravi ef al. where an oral
dose of 10 mg/kg BW was administered to male Wistar rats
weighing 180-220 g [13]. Plasma samples were analyzed at
0.25,0.5,1,2,3,4,6,8, 12, and 16 h post dose and analyzed
using HPLC method. Webplot digitizer was used for extract-
ing the data for all literature studies [14].

Human Literature Experimental Data

To check PBPK model predictions, the clinical data done
on humans were extracted from different literature. There
were three independent studies in the literature where RLZ
tablet formulation was administered to the human popula-
tion and plasma samples were quantified. The first study
was from Liboux ef al. where 100 mg oral dose was given,
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and plasma samples were quantified at various time points
[15]. Another study was from Chandu et al. where a tablet
of 50 mg was given to 54 healthy volunteers with 240 ml of
drinking water. Blood samples were collected, and plasma
was analyzed by LC-ESI-MS/MS [16]. The third study was
taken from Longo et al. where 50 mg RLZ tablet during
phase I study were administered and plasma concentration
for 24 h were quantified [17].

Development and Optimization of the PBPK Model

Perfusion-limited PBPK model with 9 compartments viz.,
stomach, gut, liver, brain, kidney, lungs, fat, heart, rest
body, and plasma, were developed considering Rilutor and
ASD formulation (Fig. 1). The exchange of drug between
blood and tissue in each organ is governed by blood flow
also called as perfusion limited or flow limited model. The
model was developed in rats due to availability of literature
and in-house data and later extrapolated to humans which
can be helpful in guiding clinical studies. Oral dosing was
considered through gut using first-order rate constant. The
unbound or free fraction (fu) was considered available for
distribution, metabolism, and excretion from the body.
Distribution of drug from one compartment to another
was controlled by partition coefficient along with blood
flow. The partition coefficient of RLZ was taken from lit-
erature (wherever data available) for specific organs, and for
remaining organs with no data availability, QSAR (quantita-
tive structure activity relationship) model was used. Parti-
tion coefficient was calculated using Rodger and Rowland
approach for perfusion-limited model [18]. The R script
for Rodger and Rowland approach has been provided on
GITHUB for users and also can be referred through the
published literature [19]. The elimination of the drug was
through metabolism in liver and excretion using urine and
feces from the kidney and gut, respectively. There are six
major and multiple minor metabolites of RLZ which are
mostly metabolized in liver by hydroxylation and glucuroni-
dation catalyzed by cytochrome P450 enzyme [20]. Among
all metabolizing enzymes, CYP1A2 is majorly involved in
riluzole clearance followed by UGT1A1. The major metabo-
lite, N-hydroxy RLZ (RLZ-OH), generated with CYP1A2
enzyme was considered for this study. RLZ metabolism was
described through Michaelis-Menten kinetics with param-

eters like V., and k,, using the following equation.

Vmax * Cliver *fu
Vot = =T 7 (D
Km + Cliver *fu

The absorption parameters like gastric emptying, absorp-
tion rate constant, and bile rate constant were optimized
based on experimental data. Fraction unbound (fu) was
extracted from literature [20]. Renal clearance was taken
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Fig. 1 Nine compartment PBPK model with excretion from urine and feces. The model was used to predict concentration-time profile in differ-

ent compartments. RLZ-OH is being represented by dotted lines

from Longo et al. [17] where it was calculated by data
extracted from Liboux et al. [15]. Fecal elimination was
optimized considering 90% absorption in human [17]. The
in vivo data by Ravi et al. was used for optimization of
the parameters for the tablet formulation. Complete opti-
mization details are provided in the supplementary file. In
case of ASD, only three parameters which mainly reflect
the biopharmaceutical component were changed (i.e., gut
absorption rate constant, undissolved drug in feces, and bile
rate constant). The detailed equation for PBPK has been
provided in the supplementary file.

The model developed for rats of Rilutor and ASD was
extrapolated to humans without any variation in the model
structure. The rat physiological parameters were replaced

with human-specific parameters. For the biochemical
parameters, the highly accepted allometric scaling based
on body weight was used (provided in Eq. 2) [21]. In Eq. 2,
param refers to biochemical parameters which were scaled,
and AE to allometric exponential value. Finally, a PBPK
model for human was developed by adjusting the gastric
emptying rate (GE) and keeping rest parameters similar.
Different dosing scenarios at 50 and 100 mg were used for
checking the prediction of the model with the observed
data. The input parameters, i.e., physiological and bio-
chemical, are provided in Table I.

BW_human AF
P =P % (—m——— 2
aram = Param s ( BW rat ) 2

@ Springer
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Table| Physiological and

Biochemical Parameters Used Parameters Value in rat for Rilu-  Reference
for Rat and Human PBPK tor, ASD
Model Blood flow to organ (fraction of cardiac output)
Liver 0.174 [22]
Lung 0.021 [23]
Kidney 0.141 [24]
Heart 0.051 [21]
Brain 0.02 [21]
Fat 0.07 [25]
Volume of organ (fraction of BW)
Liver 0.036 [24, 25],
Lung 0.006 [24]
Kidney 0.0073 [25, 26]
Heart 0.004 [26]
Brain 0.006 [24, 25]
Fat 0.07 [25]
Plasma 0.074 [25]
Biochemical parameters
Liver:plasma 22 Taken from literature®
Brain:plasma 2.44 Experimental®
Kidney:plasma 4.622509 Calculated using R&R®
Lung:plasma 5.958539 Calculated using R&R®
Fat:plasma 14.12276 Calculated using R&R®
Heart:plasma 4.251126 Calculated using R&R®
GE (1/h/kg"%) 2.61 Optimized*
Kabs (1/h/kg®*) 0.69,2.19 Optimized*
Fu (unitless) 0.04 Experimental®
FuM1 (unitless) 0.04 Considered similar as parent compound
Vax (nmol/h/kg®7) 250,000 Optimized*
K,, (umol/l) 140 Optimized*
Clurine (ul/h/kg®2>) 0.3771 Taken from literature?
ClM | urine (ul/h/kg®%) 0.3771 Considered similar as parent compound
Kfeces (1/h/kg"%) 0.013,0.011 Optimized*
Blood flow to organ (fraction)
Liver 0.257 [27]
Lung 0.034 [26]
Kidney 0.177 [27]
Heart 0.09 [28]
Brain 0.117 [23]
Fat 0.052 [27]
Volume of organ (fraction)
Liver 0.026 [24, 27]
Lung 0.014 [24, 29]
Kidney 0.004 [24]
Heart 0.012 [28]
Brain 0.021 [24, 26]
Fat 0.187 [24]
Plasma 0.03976 [23]
Biochemical parameters
Liver:plasma 22 Similar to rat
Brain:plasma 2.44 Similar to rat
Kidney:plasma 4.622509 Similar to rat
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Table I (continued)

Parameters Value in rat for Rilu-  Reference
tor, ASD

Lung:plasma 5.958539 Similar to rat

Fat:plasma 14.12276 Similar to rat

Heart:plasma 4.251126 Similar to rat

GE (1/h/kg®%) 2.61 Optimized*

Kabs (1/h/kg®?) 0.69,2.19 Similar to rat

Fu (unitless) 0.04 Similar to rat

FuMI (unitless) 0.04 Considered similar as parent compound
V. (nmol/h/kg®7) 250,000 Similar to rat

K, (umol/l) 140 Similar to rat

Clurine (ul/h/kg®?) 0.3771 Similar to rat

CIM urine (ul/h/kg®?3) 0.3771 Considered similar as parent compound
Kfeces (1/h/kg®2) 0.013, 0.011 Similar to rat

PBPK physiologically based pharmacokinetic, RLZ riluzole

“Longo et al. reported liver:blood partition coefficient of 2.0, with RLZ blood to plasma ratio of 1.1.
Hence, liver:plasma partition was considered 2.2[17]

®Calculated using AUC brain from mice study at 10 mg/kg[30]

‘[20]

4[17]. Author calculated renal clearance using data from Liboux et al. [15]

°[18]

*Optimized based on experimental data from Ravi e al. [13] in Rilutor and for ASD using our in-house
data for rat. For human, data from Liboux et al. [15] was used to optimize gastric emptying

Model Evaluation and Local Sensitivity Analysis

To evaluate the accuracy of the developed model pre-
dictions, a calibrated rat model using both our in-house
in vivo data and rat data obtained from Ravi et al. was
used. By comparing the plasma and brain concentration-
time profiles generated by our model with the observed
data, the model’s predictive capabilities were accessed for
Rilutor and ASD. PBPK model in humans was evaluated
with data from multiple case studies [15-17]. The PK
parameters were calculated and compared for both simu-
lated and observed data. Furthermore, the predictions
were made for ASD formulation in humans to evaluate
the PK profile in plasma and brain.

A normalized local sensitivity analysis was performed
to investigate the influence of biochemical model param-
eter on the output of the model (Eq. 3) [27]. Each param-
eter was increased by 1% to evaluate the change in plasma
AUC. In Eq. 3, NSC stands for normalized sensitivity
coefficient, inc refers to increase in AUC or parameter
value, and ori refers to original value for the AUC or
parameter.

_ (AUG;, — AUC
B (Param,,, — Param

)/AUCori
)/Param 3)

ori

ori

NSC

ori

Ordinary differential equations (ODE) were used to
develop the PBPK model which describes the PK of RLZ.

The equations were written in GNU MCSIM (Version
6.1.0) and solved by integration with Rstudio (Version
4.2.1). All the equations have been provided in supple-
mentary file. Monte Carlo simulation was performed with
20,000 iterations along with the uncertainty in biochemical
parameters to simulate the impact on model predictions.

Results
Screening of Polymers
Nuclear Magnetic Resonance

Figure 2 shows the overlay spectra of proton (‘H) NMR of
the three physical mixtures and pure RLZ. The up-field shifts
of NH, proton at 7.64 ppm was observed in all three physical
mixtures. The maximum relative shift could be seen from
7.74 to 7.62 ppm in case of RLZ:PAA (green colored peak).
The doublet peak of aromatic hydrogen of RLZ appearing at
7.37-7.35 ppm was flattened in the physical mixture.

Contact Angle Study
The static contact angle of the water with the surface of vari-

ous polymers, ASDs, and RLZ was measured and displayed
in Table II. Poorer wetting is associated with higher surface
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Fig.2 Overlay of 1H NMR spectra of RLZ and its physical mixtures with each polymer in solution state, showing the change in the chemical

shifts due to non-bonding interactions

hydrophobicity and is indicated by a higher contact angle
value, and vice versa [31]. ASDs prepared with different
polymers are ranked from most hydrophobic to least hydro-
phobic as follows: RLZ:PAA >RLZ:PVPVA >RLZ:HPMC
AS. The pattern of polymer suitability obtained from this
study is in reasonable agreement with the results obtained
in the NMR study.

Table Il Contact Angle of Water on Pure Drug, Polymers, and Pre-
pared ASDs

S. no Components Contact angle (°)
1 RLZ 66.9+3.1
2 PAA 33.4+0.8
3 PVP VA 46.7+1.9
4 HPMC AS 57.8+t1.4
5 RLZ:PAA ASD 293+1.8
6 RLZ:PVP VA ASD 34127
7 RLZ:HPMC AS ASD 39.8+2.2

ASD amorphous solid dispersion, RLZ riluzole, PAA polyacrylic acid,
PVP VA polyvinyl pyrrolidone vinyl acetate, HPMC AS hydroxypro-
pyl methyl cellulose acetate succinate,

@ Springer

Solid-State Characterization
Powder X-ray Diffraction Study

It is a widely used technique to determine the composition
of the sample and the crystal structure. As seen in Fig. 3a,
the pure crystalline form of RLZ showed sharp and dis-
tinct peaks at 26 values of 9.14, 13.64°, 18.18°, 22.74°, and
25.22° demonstrating the crystalline nature of RLZ. How-
ever, the ASD of RLZ prepared with all the aforementioned
ratios viz. 10:90, 20:80, and 30:70 RLZ: PAA ASD showed
a complete absence of Bragg peaks.

Differential Scanning Calorimetry Study

DSC is a thermal technique that explains the physical prop-
erties of the drug molecule and the prepared formulations.
In Fig. 3b, the DSC thermogram of pure crystalline RLZ
and ASD prepared with different drug and polymer ratios
viz. 10:90, 20:80, and 30:70 RLZ: PAA ASD are shown.
The sharp endothermic peak occurring at 120°C corresponds
to the melting point of RLZ hence demonstrating the crys-
talline nature of RLZ [32]. The other thermograms of the
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10:90 RLZ:PAA ASD

7 30:70 RLZ:PAA ASD

Intensity

RLZ Pure

20:80 RLZ:PAA ASD
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Fig.3 a XRD plot of ASD prepared with different ratio of RLZ and
PAA in comparison with pure crystalline RLZ. b DSC thermogram
of RLZ, and RLZ: PAA ASD prepared with different drug and poly-

prepared ASDs show the absence of sharp endothermic
peaks; this is a clear indication of the amorphization of the
drug. Hence, the successful preparation of the ASDs of RLZ
with PAA is confirmed.

Transmission Electron Microscopy
The bright field images from multiple areas of the prepared

sample were captured, as shown in Fig. 3c. The likelihood of
forming any crystalline phase is very less as the morphology

mer ratio. ¢ TEM image of the optimized ASD formulation. d SAED
pattern of the optimized ASD formulation

of the particle dictates to be spherical in the image. The SAED
pattern (Fig. 3d) of the captured region exhibited diffused
rings and complete absence of any systematic spot or array.
Biopharmaceutical Performance Evaluation

Saturation Solubility Study

RLZ is a fluorine containing weakly basic compound with
a dissociation constant of 3.47. The solubility was observed
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to be pH-dependent as it showed solubility of 12.43 mg/ml
at acidic pH of 1.2 and very low solubility of 0.33 mg/ml at
pH 6.8. The solubility of RLZ in FaSSGF and FaSSIF was
slightly higher than pH 1.2 and pH 6.8, respectively. Hence,
RLZ demonstrated higher solubility at pH 1.2 than pH 6.8.
The solubility data of RLZ in different media is shown in
Figure S1.

In Vitro Dissolution Testing

Figure 4a and b show the dissolution profile of the marketed
tablet of RLZ, i.e., Rilutor and ASD RLZ: PAA in different
ratio 30:70, 20:80, and 10:90. As seen in the dissolution
profile at pH 1.2 in the initial 30 min, all the ASD formu-
lations showed 100% drug release, while Rilutor showed
68% drug release. All the ASD formulations showed their
maximum release of drug, and the profile became superim-
posable from the initial 60 min of the dissolution except for
Rilutor. Additionally, model-independent similarity factor
(f,) of 35, 29, and 23, for 30:70, 20:80, and 10:90 RLZ:PAA
ASD, respectively, give evidence of dissimilarity in the dis-
solution profile of ASD formulations with respect to Rilu-
tor. Dissolution profile of Rilutor in FaSSGF was 75% after
60 min, and complete release was observed at 120 min of
dissolution study. In FaSSGF RLZ:PAA 10:90, ASD showed
complete release after 45 min, while RLZ:PAA 20:80 ASD
and RLZ:PAA 30:70 ASD showed complete release after
60 min. Calculated f, value of 43, 38, and 33 for 30:70,
20:80, and 10:90 RLZ:PAA ASD, respectively, with respect
to Rilutor, proves the difference in their dissolution profile.

1004

-o- Rilutor
- RLZ ASD 30:70

-+ RLZ ASD 20:80
-~ RLZASD 10:90

% Cumulative Drug Release
g

% Cumulative Drug Release
(3]
o
1

]
0 40 80 120
Time (min)

Rat PBPK Model
Plasma and Brain Concentration for Rilutor

Rat PBPK model was used for the simulation of the single
dose of 10 mg/kg BW/day after oral administration. Figure 5
shows a simulated plasma concentration-time profile for 24 h
with blue line, black line, and red line representing percen-
tile 2.5, median, and 97.5, respectively, along with experi-
mental data in red circle from Ravi et al. [13]. It can be seen
that the simulated details are quite close to the observed
data at all time points. Figure 6 shows the plasma and brain
profile at 10 mg/kg BW/day of our in-house data. Simulated
data is within the range of 1.5-twofold of observed data
points for both organs. The simulation reasonably captured
the plasma and brain PK of RLZ for the available dosing
scenario; however, the model needs to be further evaluated
for different dosing scenarios. To the best of our knowledge,
no such study in literature was found for rats at a dose other
than 10 mg/kg for tablet. Nonetheless, the model provides
a starting point for predicting the PK in different dosing
scenarios.

Plasma and Brain Concentration for ASD Formulation

The simulated plasma and brain concentration for a single
10 mg/kg ASD formulation of RLZ is shown in Fig. 7 along
with the observed data points from our in-house data. For
optimization, only plasma concentration was used. The
model was reasonably able to capture the brain PK as well.

-
= o
<

-o- Rilutor

- RLZASD 30:70
-+ RLZASD 20:80

-+ RLZASD 10:90

1
0 40 80 120
Time (min)

Fig.4 In vitro dissolution profile of RLZ PAA ASD in the ratio 10:90, 20:80, and 30:70 in comparison with Rilutor a at pH 1.2 and b in

FaSSGF
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Fig.6 Concentration-time curve for plasma (Plot A) and brain (Plot respectively. The red circles accompanied by bar represent the mean
B) after dosing of 10 mg/kg BW in rat. The blue line, black line, and and SD derived from our in-house rat data
red line represent the 2.5th percentile, median, and 97.5th percentile,
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Fig. 7 Concentration-time profile for plasma (Plot A) and brain (Plot
B) after dosing of 10 mg/kg BW ASD formulation in rat. The blue
line, black line, and red line represent the 2.5th percentile, median,

Notably, the simulated and observed Cmax in brain for
ASD (simulated: 5965.075, observed: 7050 ng/g) was 2-3
times higher than Rilutor (Simulated: 3072.61, Observed:
4050 ng/g). AUC was also higher for ASD formulation (sim-
ulated brain: 26,532.5, observed brain: 31,700.72 ng/ml * h)
compared to Rilutor (simulated brain: 40,044.3, observed
brain: 55,093.55 ng/ml * h) in both plasma (Table S2) and
brain pointing towards increased efficacy of the formulation.

Human PBPK Model

Concentration-Time Curve for Tablet

The simulated and observed plasma concentrations for a
single 50 mg and 100 mg tablet exposure of RLZ are shown

in Fig. 8. The simulated Cmax and AUC were within 2.5 and
97.5 percentiles of the observed data obtained from clinical
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and 97.5th percentile, respectively. The red circles accompanied by
bar represent the mean and SD from our in-house rat data

trials for 50 and 100 mg from Liboux et al. [15] and Chandu
et al. [16]. Increase in the plasma concentration in a dose
dependent manner was observed for the Rilutor. As the 50-mg
data was not used for optimization, it was used independently
for model validation. The model was also able to explain other
published data from Longo ef al. at 50 mg (Figure S2).

In the ASD PBPK, concentration of RLZ in the brain for
ASD is higher than the concentration in the brain for Rilutor
(Fig. 9). As expected, C,,,, for ASD was about 2-2.5 times
higher compared to the tablet, and for the brain AUC as well,
a similar trend was observed. This suggests that the overall
dosing can be reduced to achieve a similar concentration
in the brain as Rilutor, hence reducing the toxicity of RLZ.
This can be highly helpful for patients who suffer from RLZ
adverse effects due to high-dose administration. In future,
this model can be further evaluated with clinical data from
ASD formulation.
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Fig.8 Concentration-time curve for plasma at the dosing of 50 mg
(Plot A) and 100 mg (Plot B). The blue line, black line, and red line
represent the 2.5th percentile, median, and 97.5th percentile, respec-

Local Sensitivity Analysis for Rat and Humans

Figure S3 shows local sensitivity analysis for rat PBPK at
10 mg/kg BW tablet. It was found that the rest body: plasma
partition coefficient was highly sensitive followed by the
liver: plasma partition coefficient, V., k,,, and fu. In the
case of ASD, V... and k,, were highly sensitive towards
AUC plasma (Figure S4). This can be due to increased dis-
solution and absorption in ASD formulation; as a result,
more drug is available in plasma and liver, so metabolic
parameters became sensitive due to the limitation of CYP
enzymes. This can be one of the reasons for the sensitivity
of the liver: plasma partition coefficient. Fu was also sen-
sitive, and the rest of other parameters were less than 0.5
(sensitivity coefficient). For the human, Rilutor, and ASD
PBPK model, liver: plasma partition coefficient was highly
sensitive parameter suggesting that increase in partition coef-
ficient will decrease the plasma AUC (Figure S5, S6). This
can be possible since more drug present in liver will lead to
an increased metabolism and hence reduced AUC in plasma.
Fu and V_,, are also highly sensitive parameter. Another
interesting fact is that for human Rilutor, urinary clearance,
and fecal elimination were sensitive, whereas they were not
so sensitive parameters for ASD formulation.

— Pctile975 © Observed
Plot B
o
O —
((e]
= o
£ 8 7
(0))
£ O
~ O —
o
£
(=
8 3
o
£ 8 4
. N
:
o 38 -
O ~
o -

0 5 10 15 20
Time (hours)

tively. Experimental data extracted data from Liboux et al. [15] and
Chandu et al. [16] is represented by red circles

Discussion

To comprehend the mechanism of drug dissolution and to
spot interactions between drug and polymer, solution 'H
NMR spectra were used. 'H NMR holds accountability to
identify the possible interactions due to any kind of chemical
bond formation between drug and polymer. The maximum
relative shift in RLZ:PAA could be due to the hydrogen
bonding interaction between the NH, group of RLZ with
the carbonyl oxygen of polymers. The flatness of the dou-
blet peak of aromatic hydrogen of RLZ might occur due
to C-H O non-bonding interactions between drug and the
polymer or the change in the electron density due to distinct
binding interactions between the drug with each polymer
[33-35]. The higher order of chemical shift corresponds to
the comparatively stronger non-bonding interactions [36].
As the alteration in the chemical shift due to the presence of
PAA were more with respect to PVP VA and HPMC AS, it
can be inferred that PAA is showing more interactions with
RLZ and will stabilize its amorphous state. Similar trend
was obtained in contact angle study where PAA in its pure
form and in ASD formulation was showing least angle of
contact, hence more wettability as compared to other two
polymers [37]. PAA has been found to have a direct effect on
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Fig.9 Concentration-time curve for brain at 50 mg dosing for Rilutor (Plot A) and ASD (Plot B). The blue line, black line, and red line represent

the 2.5th percentile, median, and 97.5th percentile, respectively

the hydrophilcity of the formulations [38]. Hence, for further
studies, PAA was taken as a polymer of choice and ASDs
with different drug:polymer ratios were produced.

In the solid-state characterization, all the three ASD for-
mulations were appearing to be amorphous in nature. In the
XRD studies, the broad weak peaks denote the amorphous
nature of the prepared ASD in all the ratios. Thus, the XRD
study confirms the successful preparation of RLZ ASDs
with polymer PAA. In DSC study, no sharp endothermic
peaks were observed in any of the ASD formulation con-
firming complete amorphization of the drug [32]. However,
10:90 RLZ:PAA ASD showed highest change in specific
heat indicating more stable amorphous state. In the SAED
patterns, the presence of diffused rings and the absence of
systematic spots or array indicate the presence of an amor-
phous solid with complete absence of any crystalline parti-
cles. This suggests the formation of ASD with homogenous
continuous phase [39, 40].

In the saturation solubility studies, the RLZ solubility
at pH 1.2 and FaSSGF was multiple folds higher than its
solubility at pH 6.8 and FaSSIF; hence, the in vitro dissolu-
tion studies at pH 6.8 and FaSSIF was ruled out for further
studies. The saturation solubility data is also supported by

@ Springer

Handerson-Haselbalch equation in which pH 1.2 facilitates
99.5% ionization of RLZ while pH 6.8 facilitates only 0.05%
ionization [41]. Also, RLZ has an absorption site of upper
gastrointestinal tract [42]; hence, dissolution at pH 1.2 and
FaSSGF was more relevant. In the dissolution studies, all
the formulations showed improved dissolution profile over
Rilutor. It was due to the relatively lower solubility of the
crystalline RLZ present in Rilutor. All the three ratios of RLZ
ASD resulted in substantially enhanced dissolution profile,
where10:90 RLZ: PAA ASD had the highest rate of drug
release; hence, it was chosen for conducting further stud-
ies. The higher rate of drug release in FaSSGF than at pH
1.2 could be due to the surfactants present in the biorelevant
media [43, 44]. The enhanced dissolution profile of 10:90
RLZ:PAA ASD over the other ASDs can be explained based
on the phenomena of dissolution of ASDs being polymer-
controlled at lower drug loadings [45—47]. PAA is a water-
soluble polymer [1]; hence, the higher polymer concentration
leads to higher drug dissolution. Additionally, water induced
amorphous-amorphous phase separation could be a reason
of lower drug release with subsequent increase in the drug
loading [48]. It is mentioned in other studies as well that PAA
which is an anionic polymer shows ionic interactions with
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weakly basic drugs which result in a dramatic decrease in
molecular mobility and hence decreased crystallization pro-
pensity of the drug [49]. In the pharmacokinetic studies, the
ASD formulation showed enhanced profile (C,,,, and AUC) as
compared to Rilutor owing to the high-energy physical form
of RLZ [50].

After successful development and characterization of the
formulation, PBPK model was developed for tablet and ASD
with oral dosing to simulate the RLZ concentration in differ-
ent organs with time. The model was parameterized based on
species-specific physiological and biochemical data. Partition
coefficient was kept same for both the models. Allometric
scaling was applied to scale biochemical parameters from rat
to human [51, 52]. Parametric uncertainties were included,
and multiple iterations were run with Monte Carlo simula-
tion to assess the uncertainty in RLZ concentration in differ-
ent organs. The model carries the capability to predict both
the RLZ and its metabolite RLZ-OH in multiple organs thus
enhancing its capacity to predict safety and efficacy in multiple
organs. For the sake of simplicity and due to unavailability of
data especially V,,,, and k,,, multiple metabolites for the model
were not considered. Another aspect worth mentioning is the
polymorphic hepatic CYP450 metabolism may lead to more
inter-subject variability especially in human [4]. Currently,
polymorphism was not considered, but it may lead to some
interesting outcomes, for instance, observed hepatotoxicity in
specific individuals [53, 54]. Nonetheless, the PBPK model
developed here can act as a starting point to explore mecha-
nistic PK for Rilutor and RLZ ASD.

The developed PBPK model predicted fairly well for
tablet and ASD formulation in rat; however, the limita-
tion was the unavailability of data at multiple doses. Since
a similar dose was used for optimizing 3—4 biochemical
parameters, considerable uncertainty exists for the robust-
ness of the PBPK model in rats. Nonetheless, the plasma
concentration was used for optimizing the rat model; the
model showed good prediction in brain as well without any
further optimization. For human Rilutor, the model validity
can be confirmed since after optimizing the model at one
dose, it performed well for other dosing scenarios (Fig. 8).

The results of this study are promising for PBPK applica-
tion in dose design especially in the context of target tissue
concentration. Interestingly, it was observed that C,,, for
ASD was almost double compared to Rilutor in brain for
the rat with similar trend for human. The increased C,,,, for
RLZ ASD points towards increased active concentration in
brain for ASD hence may result in improved efficacy. The
model developed here can be further used to predict the con-
centration in urine, feces, and also in other organs of human
body, thus understanding the toxicity. The current model can
also be adapted to large human population by considering
the metabolic and genetic diversity which may explain the
sensitivity of population towards adverse effects of RLZ.

In future, the developed PBPK model can be extended
to include multiple age groups and diseased populations.
Further, an in vitro study of the phase transformation of
the amorphous form to a crystalline form of RLZ could be
studied to evaluate its effect at later stages of dissolution as
well as its differential absorption due to different solid-state
forms of active drug in different parts of the gastrointestinal
tract. The phase transformation data would contribute to the
development of physiologically based biopharmaceutical
(PBBM) modeling with a particular focus on the saturated,
supersaturated, dissolved, and undissolved drugs in the gas-
trointestinal tract [50, 55]. Availability of such experimental
data can help in including the biopharmaceutical component,
thus strengthening the mechanistic aspect of kinetic model.

Conclusion

In the current study, ASD of RLZ was successfully devel-
oped. Characterization studies like PXRD, DSC, and TEM
confirmed the formation of ASD with no trace of crystalline
drug present in it. In vitro and in vivo evaluation indicated
improved drug dissolution and pharmacokinetic profile. Fur-
thermore, the PBPK model was developed for rat and human
simulating the concentration of RLZ in ASD and in Rilutor
in organs following an oral dose. The developed model was
able to closely predict the concentration-time profile with
limited experimental data. Further data availability can help
in providing more mechanistic picture about the formulation
aspect of modeling. Nonetheless, the developed model can
be used for estimating the dosing scenario for the prepared
ASD formulation to achieve a similar PK profile as Rilutor
along with reduced toxicity. Since ASD formulation provided
a promising approach for increased AUC with a similar dose,
hence, further toxicity and efficacy can be evaluated in other
species before moving to clinical studies.
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