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Abstract

Due to poor solubility and stability in acid conditions, the gastrointestinal administration of stiripentol (STP) is still a sig-
nificant challenge. This study aimed to explore the applicability of effervescent tablets compressed from STP-loaded enteric
solid dispersions to improve the solubility and stability of the insoluble and acid-labile drug. STP-loaded solid dispersions
(STP-SDs) and the effervescent tablets (STP-SD-ETs) were prepared using solvent evaporation and dry granulation tech-
nology, respectively, and their formulations were optimized. Then, STP-SDs were characterized regarding solid state, in
vitro release, stability, etc. Results showed that enteric amorphous STP-SDs were successfully prepared and significantly
improved the solubility and stability of STP. Moreover, compared with STP suspensions, the bioavailability of STP-SD-ETs
was as high as 138.71%. Concomitantly, STP-SD-ETs significantly increased the intestinal absorption rate of STP. Overall,
the oral preparation encompassing enteric solid dispersion combined with effervescent tablet technology possesses excellent
performance in enhancing dissolution, anti-acid hydrolysis stability, and absorption of STP. Our work provides a promising
method to improve the delivery of drugs with poor solubility and acid-labile stability.
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INTRODUCTION

Dravet syndrome (DS) is a progressive and epileptic enceph-
alopathy that begins in infancy (1), which is usually accom-
panied by severe intellectual and motor disability and a high
fatality rate (15%) caused by status epilepticus or sudden
accidental death from epilepsy (2-5). Stiripentol (STP) is
specifically used as an adjuvant DS therapy, which exerts
anti-epileptic effects by enhancing the GABAergic neuro-
transmitters to inhibit the abnormal electrical activity of the
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brain (6-8). Despite the emergence of two strong competi-
tors (cannabidiol and fenfluramine) in recent years, the effi-
cacy of cannabidiol seems to be modest, while fenfluramine
is occasionally ineffective (2, 9). In addition, only STP is
suitable for infants under 2 years old and/or with severe sta-
tus epilepticus (2).

STP is a compound with low water solubility (0.405 mg/
mL) and high permeability (log P=3.01), of which the slow
and incomplete dissolution in the intestinal milieu is the
rate-limiting step for its absorption (10). Moreover, due to
the aromatic allyl alcohol structure, STP is prone to chemi-
cally reacting with gastric acid, thus causing its poor efficacy
(7, 8). The above two shortcomings lead to low oral bio-
availability (20%) (8). Therefore, commercial preparations
of STP, Diacomit®, generally require high doses (up to 3 g/
day) (3) and must be taken with meals (to prevent being
destroyed by gastric acid), resulting in troublesome dose-
related adverse reactions and poor patient compliance (2,
3,5, 8, 11). Nonetheless, many attempts have been adopted
to enhance drug solubility and gastric instability (12, 13),
mainly by using polymeric micelles (14), nanoemulsions
(15), protein-stabilized drug particles (16), liposomes (17),
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etc. However, these systems have limitations such as com-
plex synthesis steps of materials used (14), poor material
safety (18), reduced drug permeability (19), low drug load-
ing (20), and easy dissociation or aggregation in physiologi-
cal solutions (19, 20). Hence, it is necessary to develop new
delivery strategies to improve solubility and gastric instabil-
ity, which may benefit from improving its bioavailability.

Solid dispersion (SD) refers to a solid system in which
the active ingredients are uniformly dispersed in a carrier
with a highly dispersed state (21). SD technique has been
broadly used to enhance dissolution and bioavailability of
poorly soluble drugs (22-26), delay drug release (27-29),
and increase drug stability (30-32). Synchronously, the SD
is expected to promote drug absorption by dissolving the
medicament and the polymer matrix to form a supersaturated
solution and maintaining this supersaturation state (33). The
production of a supersaturated drug solution can increase
the absorption rate in the gastrointestinal tract (34). So far,
more than twenty SD products have been marketed (35). As
an intermediate of pharmaceutical preparations, SD usually
needs to be made into tablets or capsules for oral adminis-
tration. Among them, children broadly accept effervescent
tablets due to their excellent taste, convenient taking, greater
stability, faster drug absorption, and suitability for people
who cannot swallow solid preparations (36-38).

Therefore, an innovative oral formulation of STP based
on enteric solid dispersion and effervescent tablets (STP-SD-
ETs) was developed in this work. In this study, the formula-
tion of enteric STP solid dispersions (STP-SDs) was first
screened. Afterward, the STP-SDs regarding the properties,
including surface morphology, amorphous state, resistance
to acid hydrolysis, storage stability, and dissolution behavior,
were characterized. Finally, we assessed the pharmacokinet-
ics and intestinal absorption mechanism of the optimized
formulation (Fig. 1).

< HCI
F

o

OH

Insoluble drug crystals

Other excipients

Effervescent tablet

Solid dispersion

Enteric carrier JEEGREan)

P

MATERIALS AND METHODS
Materials

STP and xanthone (internal standard) were obtained from
Macklin Biochemical Co., Ltd. (Shanghai, People’s Republic
of China). Eudragit L100 was purchased from Shin-Etsu
Co. (Tokyo, Japan). Lactose monohydrate, Mannitol, and
Povidone K30 were purchased from Chineway Pharmaceutical
Technology Co., Ltd. (Shanghai, People’s Republic of
China). Sodium carboxymethylcellulose (CMC-Na) was
from Anhui Sunhere Pharmaceutical Excipients Co., Ltd.
(Anhui, People’s Republic of China). Anhydrous citric
acid and sodium bicarbonate were purchased from Nanjing
Reagent Co., Ltd. (Nanjing, People’s Republic of China).
Deionized water was prepared by a Milli-Q water purifier
(EMD Millipore, Billerica, MA, USA). High-performance
liquid chromatography (HPLC)-grade methanol was obtained
from TEDIA (America, Ohio). All other chemicals were of
analytical grade and used as received.

Nanjing Qinglongshan Animal Breeding Institute pro-
vided male Sprague—Dawley rats (210 +20 g). Animals were
kept under controlled environmental conditions (ambient
temperature, 24-25 °C; humidity, 50-60%; 12/12-h light/
dark cycle) and had free access to standard laboratory food
and clean tap water. This study was approved by the Experi-
mental Animal Ethics Committee of China Pharmaceutical
University.

Preparation and Formulation Screening of STP-SDs

STP-SDs were prepared using the solvent evapora-
tion method. Briefly, STP and Eudragit L100 were
added in an appropriate amount of mixed solvent
(ethanol:dichloromethane =1:1, v/v) in sequence and dis-
solved completely by ultrasound. The organic solvent was
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Fig. 1 Schematic illustration of STP-SD-ETs preparation: the acidolysis route of STP and approach for bioavailability enhancement via enteric
SDs and effervescent technology. STP-SD-ETs, effervescent tablets containing enteric stiripentol-loaded solid dispersions
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removed under vacuum at a temperature of 45 °C and a rota-
tion speed of 180 rpm on a rotary evaporator. The resulting
dried solid system was stored in a desiccator at room tem-
perature for 24 h before being crushed and sieved through
80-mesh. For the preparation of the physical mixture (PM),
the drug and the carrier sieved through 80-mesh were geo-
metrically mixed in a mortar for 10 min. The prepared SD
and PM were stored in a desiccator for subsequent use. STP
and Eudragit L100 were prepared as solid dispersions in
mass ratios of 1:1, 1:2, 1:3, 1:4, and 1:5, respectively. Then,
the saturation solubility and dissolution tests were performed
to optimize the formulation.

Solid State Characterization of STP-SDs
Scanning Electron Microscopy (SEM)

The surface morphology of STP and STP-SDs was probed
on a scanning electron microscope (Hitachi S-4800). Before
the microscopic inspection, the dried sample was dipped
into conductive glue and sputtered coating with gold. The
micrographs were taken at excitation voltages of 3.0 kV
and 5.0 kV, and the magnifications chosen were 2000 X and
100 x.

X-Ray Powder Diffraction (XRD)

The Bruker D8 Advance X-ray diffractometer was used to
characterize the X-ray patterns of STP, Eudragit 100, PM,
and STP-SDs to confirm the amorphization of the drug and
its molecular dispersion in the polymer matrix. The sam-
ple was firstly packed into a 0.5-mm-deep graphite sample
holder and then scanned in the 20 range of 3—50° at a scan-
ning speed of 1°/min, with a step size of 0.02° and a step
time of 1 s. The patterns were collected with monochromatic
Cu-Ka radiation (A=0.154 nm) at 40 kV and 60 mA.

Differential Scanning Calorimetry (DSC)

The powdered STP, Eudragit L100, PM, and STP-SDs
(3-5 mg) were sealed in an aluminum pan and heated at
a constant rate of 10 °C/min in the temperature range of
30-300 °C. NETZSCH DSC 204 differential thermal ana-
lyzer was used to obtain their thermograms. The thermal
analysis data was recorded using the TA 501 PC system with
the Shimadzu software program. Indium standards were
employed to calibrate DSC temperature and enthalpy stand-
ards, and N, was used as the purge gas at a 50 mL/min rate.

Fourier-Transform Infrared (FTIR)

In order to study whether there is an interaction between
the drug and the carrier, powdered STP, Eudragit L100,

PM, and STP-SDs were respectively mixed with potas-
sium bromide (KBr) and compressed into disks. Each sam-
ple was scanned 20 times on average with a scan range
of 4000-450 cm™! and a resolution of 1.0 cm™!. Bruker
TENSOR 27 infrared spectrometer was used to detect its
infrared spectrum.

Quantification of STP
In Vitro Sample Quantification

The concentration of STP-SD formulations and other in
vitro samples was determined by ultraviolet—visible (UV)
spectrophotometry. 0.33 mL, 1.67 mL, 3.33 mL, 5.00 mL,
6.67 mL, 8.33 mL, and 10.00 mL of STP standard solu-
tion in methanol (30 pg/mL) were successively transferred
into a series of 10-mL volumetric flasks. Then, metha-
nol was added to dilute to the volumetric flask graduation
line, and Shimadzu UV-1800PC ultraviolet spectropho-
tometer was used to measure the absorbance of each test
solution at 301 nm. The standard curve was got with the
concentration (pg/mL) as the vertical axis and the absorb-
ance value as the horizontal axis. There was a good lin-
ear relationship between concentration and absorbance in
the range of 1 ~30 pg/mL. The standard curve equation is
C=0.04798 +37.08815A and R*=0.99982.

In Vivo Sample Quantification

Ten microliters of 1, 5, 10, 100, 400, and 800 pg/mL STP
methanol solution and 90 pL of freshly blank plasma were
taken and mixed for 2 min at room temperature, respec-
tively. After this, 100-pL internal standard (IS) xanthone
solution (225 pg/mL solution) and 300 pL methanol
were added into the above mixture, vortexed for 5 min,
and centrifuged at 15,000 rpm for 10 min. The total mix-
ture was filtered to get the supernatant for HPLC deter-
mination. Drug concentration in plasma was determined
by Shimadzu LC-20AT series HPLC system (Kyoto,
Osaka, Japan). STP was separated by a WONDASIL C18
SUPERB column (5 pm, 4.6 mm X 250 mm) at 40 °C. The
injection volume was 10 pL, and the eluates were moni-
tored at 254 nm. The mobile phase consisted of 85% meth-
anol and 15% water pumped at a 1.0 mL/min flow rate.
The standard curve was obtained with the STP absorb-
ance ratio to the internal standard as the vertical axis and
the concentration (pg/mL) as the horizontal axis. There
was a good linear relationship between concentration and
absorbance ratio in the range of 0.1 ~80 pg/mL. The stand-
ard curve equation is Agrp/A;g=0.00148 +0.00323C and
R*=0.99959.
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Anti-acid Degradation Stability

Simulated gastric juice (i.e., 0.1 N HCI without pepsin) and
simulated intestinal juice (i.e., pH6.8 PBS without pan-
creatin) were used to examine the acidolysis of free STP
and STP-SDs. Aliquots of STP solution or STP-SDs (equal
to 1 mg STP) were added into 10 mL SGF and SIF and
kept in a shaker at 37 °C and 100 rpm. At 0, 3, 6, 12, and
24 h, 1 mL of sample solution was withdrawn, and an equal
volume of fresh medium was immediately supplemented.
The concentration of retained STP was analyzed by UV
spectrophotometry.

Stability Test of STP-SDs

STP-SDs were placed in a penicillin bottle. The storage sta-
bility was evaluated after 3 months under room temperature
(average temperature 25-28 °C) and refrigeration (4 °C), and
the relative humidity was both 60-70% RH. After 3 months,
the drug content of STP-SDs in water, gastric juice, and
intestinal juice was measured and compared with the initial
value (day 0) to evaluate its chemical stability.

In Vitro Release Study

The paddle method in the 2020 Chinese Pharmacopoeia
was adopted to study the in vitro release of STP from SDs
or effervescent tablets on the ZRS-4 intelligent dissolution
tester. Briefly, the preparation equivalent to 10 mg of STP
was weighed accurately and put into 500 mL newly degassed
0.1 N HCI solution and pH6.8 phosphate buffer contain-
ing 0.25% (w/v) SDS. The dissolution system was kept at
37.0+0.5 °C and 100 rpm. A 6-mL sample was withdrawn
and immediately replenished with a fresh medium at prede-
termined time points. After filtering using a 0.45-pm filter,
the sample was quantified by UV spectrophotometry. The
cumulative dissolved STP (%) was calculated as mean + S.D.
(n=3) and plotted versus time.

Preparation Method Screening of Effervescent
Tablets

Table I shows the formulation composition used in method
screening of preparing STP-SD-ETs. The preparation meth-
ods included direct powder compression, dry granulation,
and wet granulation. For the powder direct compression
method, firstly, all excipients were sieved with a 100-mesh
sieve and subsequently mixed with the prescribed anhy-
drous citric acid and mannitol for 10 min to obtain mixture
1. Similarly, the formulation amount of sodium bicarbonate
was mixed with SDs for 10 min to obtain mixture 2. Finally,
mixtures 1 and 2 were blended thoroughly and immediately
pressed into tablets. The final solid mentioned above was

@ Springer

Table I The formulation composition for preparation method screen-
ing of STP-SD-ETs

Content  Function

(mg)

Composition

SDs (drug/carrier=1:5,w/w) 30
Anhydrous citric acid 20

Active ingredient
Effervescent disintegrant
Sodium bicarbonate 20 Effervescent disintegrant

Directly compressible mannitol 30 Filler & sweetener

crushed into coarse particles for the dry granulation method,
sieved through a 20-mesh sieve for granulation, and pressed
into tablets immediately according to the prescribed amount.
All the ingredients were passed through a 100-mesh sieve
for the wet granulation method. The formulation amount of
anhydrous citric acid and mannitol was mixed for 10 min,
and an appropriate amount of purified water was used as a
binder to make a soft material. The soft material was passed
through a 20-mesh sieve to obtain uniform wet particles,
which were dried for 1 h in an oven at 60 °C, and then sieved
through a 20-mesh sieve to obtain mixture 1. Simultane-
ously, prescribed sodium bicarbonate and the solid disper-
sion mix for 10 min to obtain mixture 2. Finally, the mixture
1 and 2 were thoroughly mixed and immediately pressed.

Formulation Screening of Effervescent Tablets

Under the condition that the dosage of other ingredients
remained unchanged, the influence of mannitol and lac-
tose monohydrate alone, or the combination of both, on the
powder properties and the tablet quality was studied firstly
to screen the filler type. Secondly, the optimal dosage of
each composition was screened by changing the SD dosage
(such as 30 mg, 40 mg, 50 mg) and effervescent agent. The
mass ratio of acid—base components was fixed at 1:1 and
the dosage 40 mg and 30 mg, respectively. Finally, based
on the optimal formulation dosage selected above, the mass
ratio of acid and alkali components in effervescent agents
was further investigated. The powder properties such as flu-
idity and compressibility were evaluated by repose angle
and compressibility index. The tablet quality was mainly
assessed by examining appearance, weight difference, hard-
ness, disintegration time, etc.

Evaluation of Powder Pre-compression Performance
and Tablet Quality

Angle of Repose
A fixed funnel device was applied to measure the repose

angle of the powder. Briefly, the lower funnel mouth was
placed 10.5+0.2 cm above the plane, and a fixed volume



AAPS PharmSciTech (2022) 23: 141

Page 5 of 14 141

of powder was poured into the funnel slowly. Then, the fun-
nel cover was opened to allow the powder to flow out, and
the height (h) and bottom diameter (d) of the powder pile
were recorded after all powder flowed out. The calculation
formula of the repose angle (8) is as follows:

0 = tan™'(2h/d)

Compressibility Index and Hausner’s Ratio

The compressibility index and Hausner’s ratio were calcu-
lated according to the value of bulk density (da) and tap
density (dt). After the 50-g powder was put into a 100-mL
measuring cup, the initial volume (V,) was measured, and
the bulk density was calculated by the formula: 6a = 50/V 1.
The powder in the cup was shaken until it reached a fixed
volume (V,), and the formula 6¢ = 50/V2 calculated the tap
density.

Compressibility Index(%) = (6t — 6a) /6t * 100%

Hausner’s Ratio = 6t/6a

Disintegration Time

The disintegration time of 6 tablets was determined in
200 mL distilled water at 20+ 5 °C, and it was considered
to completely disintegrate when completely dispersed frag-
ments were obtained, and gas release ceased. The results
are average + standard deviation. The disintegration time
is considered acceptable within 5 min in 2020 Chinese
Pharmacopoeia.

The pH Value of the Dispersion

The consistency of the pH value of the solution is a symbol
of the uniform distribution of raw materials in the tablet. Six
tablets were placed in a 50-mL beaker containing distilled
water, and the temperature was maintained at 25 °C. After
the tablet was completely disintegrated, the pH of the disper-
sion was measured.

The Moisture Contents

The 2020 Chinese Pharmacopoeia stipulates that the mois-
ture content of tablets should be less than 0.5%. The initial
weight of six effervescent tablets was weighed separately
and then placed in a vacuum oven at 60 °C with a tray. The
final weight was measured after drying for 48 h. The per-
centage of weight loss is the moisture content.

Pharmacokinetic Study

Male Sprague Dawley rats (210 +20 g) fasted overnight
before gavage, but they could freely take water. The rats
were randomly divided into the STP suspensions group and
STP-SD-ETs group (n=35). The STP suspensions and the
suspension made from STP-SD-ETs were intragastrically
administered to the rats at 40 mg/kg according to the body
weight. The blood was taken from the retro-orbital venous
plexus and collected into a heparinized test tube at 0.25, 0.5,
0.75,1,2,4, 6,8, 10, 12, and 24 h after administration. The
blood was centrifuged at 3000 rpm for 10 min to obtain the
plasma and stored at — 80 °C.

For concentration determination, the sample was depro-
teinized. Briefly, 100 pL freshly melted plasma was mixed
with 100 pL of Xanthone solution (225 pg/mL) as an internal
standard, as well as 300 pL. of methanol, vortexed at room
temperature for 5 min, and then centrifuged at 15,000 rpm
for 10 min. After that, the supernatant was subjected to
HPLC measurement. Finally, WinNonlin software (Certara
USA, Inc., Princeton, NJ, USA) was used to process the data
and calculate all pharmacokinetic parameters, including the
maximum plasma concentration (C,,,,), the time to reach
the maximum plasma concentration (T,,,,), the area under
the blood concentration—time curve (AUC), and the average
residence time (MRT) and relative bioavailability. The rela-
tive bioavailability calculation formula is:

RBA(%) = AUCt/AUCr - 100%

where AUC, and AUC, refer to the AUC of STP-SD-ETs and
STP suspensions, respectively.

In Vivo Single-Pass Intestinal Perfusion

To investigate whether the STP-SD-ETs alter (weaken or
enhance) the permeability of STP to the intestine, we divided
male Sprague Dawley rats (210 + 20 g) into two groups: STP
(n=13) and STP-SD-ETs (n=3). The rats were anesthetized
by intraperitoneal injection of chloral hydrate test solution
(3.3%, 1 mL/100 g), and the abdominal cavity was opened
about 3 to 4 cm in length along the midline of the abdo-
men to expose the intestine. The duodenum segment starts
at 1 cm from the pylorus and ends 10 cm downward; the
jejunum segment starts at 15 cm and ends at 10 cm down-
wards from the pylorus; the ileum segment starts at 20 cm
ascending from the cecum and ends 10 cm downwards. Two
ends of each segment of the intestine were intubated and
connected to the peristaltic pump. Hereafter, Krebs—Ringer
buffer was utilized for draining the intestinal contents and
equilibrated at a flow rate of 1 mL/min for 10 min. Subse-
quently, the preparation (37 °C), equivalent to 100 pg/mL
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of STP prepared by diluting STP-SD-ETs or STP methanol
solution into Krebs—Ringer buffer, was employed to fill the
intestine, and the flow rate was reduced to 0.218 mL/min.
The fluid from the outlet of each intestinal segment was
collected continuously within 2 h, namely receiving fluid,
while the fluid for rinsing each intestinal segment with blank
Krebs—Ringer buffer after 2 h was called washing solution.
Finally, the receiving fluid and the washing solution were
transferred to a 100-mL volumetric flask. The rats were sac-
rificed, and the diameter and length of the intestinal segment
were measured.

For error elimination caused by tube adsorption, STP
concentration of two perfusate passing through the tube was
used as the initial concentration C. A blank Krebs—Ringer
buffer fixed the volume of the perfusion sample. Perfusion
fluid (220 pL) was mixed with 780 pL methanol to dissolve
STP and centrifuged at 15,000 rpm for 10 min. Afterward,
10 pL of the supernatant was injected into HPLC to deter-
mine the initial content X, and the remaining content X,
in each intestinal segment within 2 h. The absorption rate
constant (Ka) and apparent permeability coefficient (Papp)
were calculated using the following formula based on the
law of conservation of mass:

Ka = (X0 — Xt)/X0 - Q/(xr*1)

Papp = —Q - 1n(Xt/X0)/2xrl)

where Q denotes the flow rate (0.218 mL/min), r is the
radius of the intestine (cm), L is the length of the perfused
intestinal segment (cm), and X, and X, are initial drug con-
tent, and the remaining STP amount after 2 h, respectively.

RESULTS AND DISCUSSION
Preparation and Formulation Screening of STP-SDs

The impact of drug/carrier mass ratio on dissolution was
examined and shown in Fig. 2. The ratio of drug to the
carrier influenced the saturated solubility and dissolution
of the drug in SGF and SIF. Figure 2A displayed that the
higher the carrier ratio, the lower the saturated solubility
of SDs in water and SGF, because the increased carrier
amount strengthens the drug/polymer interaction. Neverthe-
less, unexpectedly, the saturated solubility in SIF showed
an increasing trend and then decreased as the carrier ratio
increased (Fig. 2A). By observing the phenomenon at the
end of the saturation solubility determination (Fig. 2B),
we analyzed that this trend may be due to the dissolved
drug being hindered by the viscous gel layer formed by the
Eudragit L100 dissolution and released slowly and incom-
pletely, causing the measured saturated solubility fluctuating
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(30, 39). Since the carrier ratio is low initially, it might have
little influence on solubility determination. As the carrier
ratio increased, this hindering effect became more apparent,
leading to the solubility firstly increasing and then decreas-
ing. The 2020 Chinese Pharmacopoeia requires that the dis-
solution of enteric preparations in SGF should be less than
10% of the labeled amount. Additionally, it is anticipated
that the cumulative dissolution of enteric formulations in
SIF could be as high as possible in a short time. In summary,
the optimized SD formulation (drug/carrier = 1:5, w/w) has
the lowest saturated solubility in SGF, its cumulative dis-
solution in SGF within 2 h was less than 10% (Fig. 2C), and
simultaneously, it took less time to dissolute 90% in SIF
(Fig. 2D). As aresult, 1:5 was selected as the final mass ratio
of the drug to the carrier. The resulting STP-SDs possess an
entrapment efficiency of 78% and 16% drug loading.

Solid-State Characterization of STP-SDs
SEM

The SEM examination revealed that STP crystal particles
had a regular geometric shape and exhibited a rod-like struc-
ture, with a short diameter of about 15 pm and a long diam-
eter of about 40 pm gauged from the scale bar (Fig. 3A).
Since STP-SDs were prepared by rotary evaporation, they
presented a thin plate-like structure with an uneven surface
as revealed by SEM (Fig. 3A). Before the test, the SD was
passed through an 80-mesh sieve (the pore size is 180 pm);
therefore, the particle size was around 180 pm (Fig. 3A).
Importantly, whether it was observed from the surface or the
cross-section, the internal structure of the STP-SDs was rela-
tively uniform, and no prominent heterogeneous components
were observed, indicating the drug was uniformly dispersed
in polymer to generate a uniform mixture, which effectively
impeded STP from being destroyed by stomach acid.

XRD

As shown in Fig. 3B, raw STP particles had sharp crys-
tal diffraction at 6.245°, and other minor peaks appear at
11.994°, 15.909°, 17.643°, 18.870°, 19.122°, 25.227°, and
31.697° in the 20 range. Eudragit 100 showed weak fluctu-
ation between 10° and 20° 20, but it had no crystalline peak
due to its amorphous nature. The diffraction pattern of the
physical mixture (PM) demonstrated the weak fluctuation of
the carrier and the characteristic diffraction peaks caused by
the drug, indicating that STP in PM was still in a crystalline
state. Yet, the characteristic STP peak in SD disappeared and
suggested that the drug was dispersed as an amorphous state.
It was speculated that there might be an interaction between
STP and Eudragit L100, decreasing the STP crystallinity.
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Fig.2 Formulation screening of STP-SDs. The effect of STP/
Eudragit L100 mass ratio on saturated solubility of STP-SDs (n=3,
*#P <0.01 and ***P <0.001) (A), the phenomenon at the end of sat-
uration solubility measurement (B), the effect of STP/Eudragit L100

DSC

DSC was performed to confirm the drug state in the SD.
As shown in Fig. 3C, STP began to absorb heat at 75.1 °C
and formed a sharp endothermic peak attributed to the STP
melting because the melting point of STP is about 75 °C.
Eudragit L100 had a broad peak near 200 °C, suggesting
that the amorphous polymer changed from a glassy state to
arubbery state with enthalpy relaxation, and the temperature
at which heat absorption begins was very close to the theo-
retical T, (about 195 °C) of Eudragit L100. The PM curve
showed all the endothermic peaks of each pure component,
especially an endothermic peak corresponding to the melting
point of STP, indicating that there was still crystallinity in
the PM; that is, all or part of STP was still in a crystalline

B
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mass ratio on cumulative release in SGF within 2 h (n=3) (C), and
time for 90% dissolution in SIF (n=3) (D) of STP-SDs. SGF, simu-
lated gastric fluid; SIF, simulated intestinal fluid; STP-SDs, stiripen-
tol-loaded solid dispersions; Eu L100, Eudragit L100

form. No melting peak of STP was observed in the thermal
analysis chart of SD, demonstrating that during the prepara-
tion, STP changed from a crystalline state to an amorphous
state and was miscible with the carrier.

FTIR

The characteristic FTIR peaks of STP are as follows(40): tri-
substituted benzene ring generally exhibits C-H stretching
vibration in the region of 3120-3000 cm™! (i.e., 3071.2,
3035.3 cm_l); the C=C stretching vibration of olefins
(i.e., 1648.4, 1608.1 cm™'); the C-O stretching vibration
of dioxolane (i.e., 1248.3 cm™!); the C=C stretching
vibration of the benzene ring usually appears in the region of
1650-1430 cm™! (i.e., 1648.4, 1608.1 cm_l); free hydroxyl
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Fig.3 Characterization of STP-SDs. A SEM, B PXRD, C DSC, and
D FTIR. STP-SDs, stiripentol-loaded solid dispersions; PM, physical
mixture; Eu L100, Eudragit L100; SEM, scanning electron micros-

has strong absorption in the region of 3600-3500 cm™! (i.e.,
3553.9, 3482.1 cm_l), but intra- or intermolecular hydrogen
bonds will reduce the stretching wave number of O-H to
the region of 3550-3200 cm™'. The characteristic peaks of
Eudragit L100 are primarily the stretching vibration of the free
hydroxyl group (3487.8, 3237.7 cm™"), the stretching vibration
of C=0 (1726.5 cm™"), the stretching vibration of C-O of
the carboxyl group (1266.5 cm™'), the asymmetric stretching
vibration (1266.5 cm™") and the symmetric stretching vibration
of C-0-C (1160.7 cm™). In the PM infrared spectrum, the
characteristic area (4000~ 1250 cm™") and the fingerprint area
(1250~400 cm™") were superpositions of the STP and Eudragit
L100 spectra, suggesting there was no interaction between
them. Compared with raw STP crystals, the oxygen-hydrogen
single bond stretching vibration peak (3600~3200 cm™!) and
the carbon-hydrogen double bond stretching vibration peak
(~1728 cm™!) in SD showed a wider absorption band, mainly
due to the formation of hydrogen bonds between the secondary
hydroxyl group or benzoxazole moiety of STP and the carboxyl

@ Springer

copy; PXRD, powder X-ray diffraction; DSC, differential scanning
calorimetry; FTIR, Fourier-transform infrared spectroscopy

or carbonyl groups of the polymeric carrier (40). Additionally,
hydrogen bond association often causes the carbon-hydrogen
single bond stretching vibration peak (3000~2850 cm™') to
be submerged and only the top of the peak being exposed,
proving that the two are evenly dispersed in the carrier through
the hydrogen bond interaction. This favorable intermolecular
interaction might drive STP to maintain an amorphous state
for a long time, thereby hindering the crystallization behavior
during storage (41).

Anti-acid Stability of STP-SDs

After 24-h exposure to the gastric environment, the STP
absorbance at 301 nm decreased (Fig. 4A). In contrast, the
absorbance in intestinal fluid had no alteration (Fig. 4B),
demonstrating that under different conditions (degraded and
undegraded), the change in absorbance intensity of STP can
be used to evaluate its stability. As shown in Fig. 4C, after
6-h incubation in gastric juice, the remaining drug in the
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Fig.4 Stability of free STP in SGF and SIF (A and B), acidic desta-
bilization curves of free STP and STP-SDs in SGF (*P<0.05 and
**P <0.01) (C), the chemical stability of STP-SDs characterized by

STP-SDs group was higher than that in the free drug group,
while only 59.92% STP in the free-drug group remained
after 24 h. However, the STP amount in enteric SDs
decreased slightly within 12 h, then reached an unchanged
level, and the drug retention percentage was 83.06% after
24-h exposure. The degradation in the first 12-h period may
be due to the free drug on the SD surface. At 2 h after incu-
bation in SGF, only 91.69% STP stayed in the pure STP
group, while the SD had 97.02% STP remaining. Moreover,
the drug content in STP-SDs after 3-month storage under
various storage conditions has no significant difference
compared to the initial value (Fig. 4D, independent sample
t-test, P> 0.05). The results demonstrated that the enteric
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drug content for 3 months (D). n=3, mean+S.D. STP-SDs, stiripen-
tol-loaded solid dispersions; SGF, simulated gastric fluid; SIF, simu-
lated intestinal fluid; RT, room temperature

SDs could effectively improve the STP anti-acid hydrolysis
ability and chemical stability.

Preparation Method Screening of Effervescent
Tablet

The effervescent tablets prepared by the three methods,
direct powder compression, dry granulation and tableting,
and wet granulation and tableting, demonstrated a similar
appearance (Figure S1). All of them were intact, smooth,
and uniform in color without sticking or cracking (Fig-
ure S1). As displayed in Table S1, the weight difference
of various tablets all conformed to the requirements of the
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2020 Chinese Pharmacopoeia, illustrating that the powder
possesses superior fluidity and compressibility. The hard-
ness of the tablets was within the range of 50-85 N, thereby
ensuring the integrity of the preparation during storage and
usage. The disintegration time of all was far less than 5 min
stipulated in the 2020 Chinese Pharmacopoeia, and the effer-
vescent tablet prepared by dry granulation disintegrated fast-
est with the greatest hardness. Therefore, dry granulation
was selected as the preparation method.

Formulation Screening of Effervescent Tablet
When the angle of repose is 25-30°, the compressibil-

ity index is in the range of 5-16%, as well as Hausner’s
ratio is lower than 1.18, it indicates that the powder holds

superior fluidity. The filler type was screened by studying
the influence of a single filler or a combination on the
powder fluidity and compressibility. Based on the formu-
lation composition present in Table II, the fluidity and
compressibility of the powder obtained by utilizing direct
pressure mannitol was better than lactose monohydrate
or a mixture of them (Fig. 5SA and B), by comparing F3
with F4 and F5, F6 with F7, F8 with F9, and F10 with
F11. This can be explained by the fact that mannitol is
prepared by spray drying, allowing a loose and porous
structure for compression. Next, we optimized the formu-
lation by changing the SD dosage (such as 30 mg, 40 mg,
and 50 mg) and effervescent dosage (the mass ratio of
acid—base components was fixed at 1:1, and the dosage
was 40 mg or 30 mg) by comparison among formulations

Tablell The formulation

. ; Formulation  SDs (drug/car- Anhydrous cit- Sodium bicar- Directly compress-  Lactose
composition for screening rier=1:5, w/w)/ ric acid/(mg) bonate/(mg) ible mannitol/(mg)  monohy-
ﬁller types, the dosage of each (mg) drate/(mg)
ingredient, and effervescent
acid—base ratio of STP-SD-ETs F1 30 13.33 26.67 30 _

F2 30 26.67 13.33 30 -
F3 30 20 20 30 -
F4 30 20 20 - 30
F5 30 20 20 15 15
F6 40 15 15 30 -
F7 40 15 15 - 30
F8 40 20 20 20 -
F9 40 20 20 - 20
F10 50 15 15 20 -
Fl11 50 15 15 - 20

Angle of Repose (°)

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10F11

Formulations

Fig.5 Evaluation of powder performance during formulation screening.

the formulation one
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F3, F6, F8, and F10. The formulation with SD/efferves-
cent agent/filler ratio of 30:40:30 (w/w/w) exhibited the
best performance in terms of fluidity and compressibility.
Based on the optimal formulation dosage selected above,
the mass ratio of acid—base components was further inves-
tigated. The powder evaluation of F1, F2, and F3 showed
that the 1:1 mass ratio of acid—base components displayed
improved powder performance. Most importantly, F3
demonstrated the highest hardness and the shortest dis-
integration time (Fig. S2B and C), whereas there was no
significant difference in tablet weight and pH of dispersion
among all formulations (Fig. S2A and D). Taken together,
F3 was selected as the optimal formulation for the subse-
quent study.

Quality Examination of the Optimal Tablet
and Dissolution Behavior

Quality examination of the optimized tablet was shown
in Table S2. All the determination parameters met the
requirements in the 2020 Chinese Pharmacopoeia. As
depicted in Fig. 6, the optimal STP-SD-ETs and STP-SDs
displayed similar dissolution behavior and indicated that
pressing STP-SDs into an effervescent tablet did not affect
dissolution performance. STP suspensions only released
about 70% at 5.5 h in SIF and showed 60% dissolution in
SGF at 0.5 h, whereas STP-SD-ETs and STP-SDs allowed
90% accumulative dissolution within 0.5 h in SIF and less
than 10% dissolution in SGF at 2 h. The results indicated

that STP-SD-ETs improved the STP dissolution and its
stability in gastric fluid.

Pharmacokinetic Study

The plasma concentration of STP vs. time curve was shown in
Fig. 7, and the pharmacokinetic parameters were summarized
in Table III. The plasma concentration of the STP suspension
group reached the C,,,, at 0.25 h and declined rapidly after
administration. In contrast, STP-SD-ETs reached maximal
plasma concentration at around 1.55 h due to the delayed-
release characteristics of enteric material. Meanwhile, STP-
SD-ETs demonstrated higher AUC (29.99 pg-h/mL) than
STP suspensions (21.62 pg-h/mL). The results showed
that formulating STP into SD-ETs endowed the drug with
delayed-release properties, thus significantly improving
the bioavailability.

—=— STP-suspensions
6 ——STP-SD-ETs

Plasma concentration of
stiripentol(pig/mL)

100 -
- Time(h)
X 80+
k-4
g ;:_:_e__r.——:—é—"b—@ Fig..7 The STP plgsma .concentration versus time profiles in rats fol-
2 60 2o oo lowing oral administration (at a dose of 40 mg/kg) of STP suspen-
": sions and STP-SD-ETs (n=5). STP-SD-ETs (Enteric), effervescent
o tablets containing enteric stiripentol-loaded solid dispersions
2 40-
Rl
=
E TR Table Il Main pharmacokinetic parameters of STP in Sprague Daw-
= 20 - —o—STP-SDs . ley rats after oral administration (at a dose of 40 mg/kg) of STP sus-
O —o— STP-suspensions pensions and STP-SD-ETs. n=>5, **P <0.01 and ##P <0.01
1 —— STP-SD-ETs - -
0- Formulations STP suspensions STP-SD-ETs
0 1 2 3 4 5 6 Cpnax (ng/mL) 5.83+£0.48 3.65+1.21
s T nax (hour) 0.25+0.00 1.55+0.62%*
Time(h)
AUC,,, (ug-h/mL) 21.62+4.32 29.99 + 3.35##
RBA (%) N/A 138.71

Fig.6 The dissolution profiles of STP from STP suspensions, solid
dispersions, and effervescent tablets were performed in 0.1 N HCl
(the first 2 h) and pH 6.8 phosphate buffer (from 2 to 5.5 h) (n=3).
STP-SD-ETs, effervescent tablets containing enteric stiripentol-
loaded solid dispersions

C,,.r» Maximum concentration; 7,,,., peak time; AUC, area under the
plasma STP concentration—time curve; RBA, relative bioavailability
calculated based on AUC,_;; STP-SD-ETs, effervescent tablets con-

taining enteric stiripentol-loaded solid dispersions.
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A

2 Free STP
8- STP-SD-ETs

Ka(h™)

Ileum

Duodenum

Jejunum

Fig.8 The absorption rate constant (Ka) and the apparent perme-
ability coefficient (Papp) of STP and STP-SD-ETs were evaluated by
the in vivo single-pass intestinal perfusion (n=3). One-way ANOVA,

Intestinal Permeability

Permeability is a critical indicator for studying the drug
penetration through the intestine, reflecting the ability of the
active drug ingredients to be absorbed (30). The absorption
rate constant (Ka) and the apparent permeability coefficient
(Papp) of free STP and STP-SD-ETs (enteric) were given
in Fig. 8A and B. STP is a BCS 1II drug and exhibited good
permeability in different intestinal segments. So, there
was no significant difference in Papp (Fig. 8B). The data
in Fig. 8A indicated that the absorption rate of free drug
varied in different intestinal segments, while STP in STP-
SD-ETs was well absorbed in all intestinal segments.
Besides, the Ka of STP-SD-ETs in the duodenum was
significantly higher than that of free STP. This improvement
in absorption rate may be attributed to the “water-resistant”
interaction between drug and polymer, which can effectively
inhibit drug crystallization in aqueous solution and keep the
drug supersaturation (42). Moreover, the supersaturation
maintenance resulting from STP-SD-ETs can be converted
into an enhanced flux of drug molecules across the membrane
(43, 44). The results indicated that STP-SD-ETs allowed
enhancement in membrane permeability and intestinal
absorption.

CONCLUSIONS

This study has developed an innovative oral formulation
of STP based on enteric solid dispersions and effervescent
tablets. The formulation has advantages including but not

@ Springer
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*significantly different from free STP (*P<0.05). STP-SD-ETs,
effervescent tablets containing enteric STP-loaded solid dispersions

limited to readily available and recognized safe materi-
als used, as well as relatively high drug loading (16%).
The saturated solubility of the optimal SD formulation
(STP/Eu 100 =1:5, w/w) is about twice as high relative
to the pure STP. This could be attributed to the hydrogen
bond between STP and Eudragit L100, which made STP
uniformly distributed in the enteric carrier and maintain
its amorphous state. The optimal STP-SDs displayed less
than 10% drug release in simulated gastric juice within
2 h, while about 90% dissolution within 0.5 h in simulated
intestinal juice, meeting the requirements of the 2020 Chinese
Pharmacopoeia for delayed-release preparations. The
dissolution behavior and anti-acid degradation test illus-
trated that STP-SDs manifest superior protection against
acid instability and have acceptable chemical stability.
The STP-SD-ETs demonstrated higher bioavailability and
absorption rate constant (Ka) than STP suspension for-
mulation. In short, the oral preparations encompassing
enteric solid dispersion combined with effervescent tablet
technology possessed excellent performance in enhancing
dissolution, anti-acid hydrolysis stability, and absorption
of STP, which is expected to become a promising method
to solve the problems related to the stability, solubility,
and permeability reduction.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1208/s12249-022-02261-5.
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