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pharmacokinetic evaluations†

Manisha Choudhari,a Shantanu Damle,b Ranendra Narayan Saha,c

Sunil Kumar Dubeyd and Gautam Singhvi *a

Abiraterone acetate (ABTA) is used as a primary treatment for metastatic castration-resistant prostate

cancer. Its low aqueous solubility results in inadequate dissolution and poor oral bioavailability (<10%),

necessitating the consumption of large doses of ABTA (1000 mg per day) for desired efficacy. The aim of

this study is to enhance the solubility, dissolution, and bioavailability of ABTA through amorphous solid

dispersions (SDs). ABTA-SD was prepared via a solvent granulation method with different grades of

hydroxypropyl methylcellulose acetate succinate (HPMCAS 716 and 912). The theoretical solubility

parameter between ABTA and HPMCAS was below 7 MPa1/2, indicating miscibility between the drug and

the polymer according to the Hansen solubility parameter. HPMCAS showed a remarkable

recrystallization inhibition of up to 180 min compared to the free drug (10 min), maintaining the soluble

drug in supersaturation state and exhibiting the “spring and parachute” phenomenon. ABTA-SD exhibited

a higher solubility (1.16-fold to 52-fold) in different media than free ABTA. The results of DSC, PXRD,

ATR-FTIR, and FE-SEM indicated that the crystallinity of ABTA was completely transformed to an

amorphous form and maintained in the SD formulation. In vitro and bio-relevant dissolution behavior of

ABTA was studied in various dissolution media, indicating the higher dissolution of ABTA-SD than that of

free ABTA. The pharmacokinetic study conducted in Wistar rats revealed that Cmax and AUC0–t of the

optimized ABTA-SD formulation were significantly enhanced by 1.92-fold and 2.87-fold, respectively,

compared to those of free ABTA.
Introduction

Abiraterone acetate (ABTA) is used for the treatment of meta-
static castration-resistant prostate cancer.1,2 ABTA acts as
a prodrug that undergoes in vivo transformation into abirater-
one (ABT), an inhibitor of androgen biosynthesis.1,3 It has poor
water solubility and low permeability. ABTA is a weakly basic
drug with a pKa of 5.19 and exhibits pH-dependent solubility.4,5

During gastric transition, solubilized ABTA from the gastric
uid to the intestine region leads to precipitation in the intes-
tinal uid because of its pH-dependent solubility.6 The precip-
itation diminishes the solubility, impedes the dissolution of
API, and hinders drug absorption across the intestinal
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tion (ESI) available. See DOI:

38505
membrane.6–8 The marketed product of ABTA is orally admin-
istrated at a high daily dosage of 1000 mg, necessitating four
250 mg tablets, owing to its limited water solubility.9 The
commercial drug product needs to be taken at least 2 h aer
a meal to avoid overexposure, as taking it with food can increase
the AUC up to 10-fold and Cmax up to 17-fold, which may lead to
toxicity risk and inconsistent dosing due to increased
absorption.9–12 This may cause inter-subject and intra-subject
pharmacokinetic variability for the patient and promote non-
compliance (with food or without food), ultimately affecting
the therapeutic benets.13

Therefore, it would be highly benecial to develop a formu-
lation that can enhance the solubility and bioavailability of
ABTA. Additionally, that would allow the elimination of the food
impact and possibly dose reduction because such a formulation
would adhere to higher criteria for patient convenience and
safety. Formulation researchers have employed various strate-
gies, such as particle size reduction, prodrugs, amorphous solid
dispersions (SD), and self-emulsifying systems, to improve the
solubility, dissolution, and absorption of BCS Class IV drug.14–20
© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, enhancing solubility or dissolution alone oen falls
short in signicantly improving bioavailability.21

A few approaches have been used to enhance ABTA's solu-
bility and bioavailability, exploring both bottom-up (nano-
amorphous ABTA) and top-down (wet-milled ABTA) methods
to reduce the particle size. Nano-amorphous ABTA, produced
via continuous ow precipitation, achieved particle size d50 and
d90 values of 186 nm and 254 nm, respectively, showing much
better dissolution than wet-milled crystalline ABTA (d50:
497 nm, d90: 1050 nm). This nano-form demonstrated an 8.3-
fold and 2.9-fold increase in solubility in fasted-state and fed-
state simulated intestinal uids, due to its smaller particle
size and amorphous structure.7 Apart from that, SoluMatrix ne
particle technology, developed by iCeutica Inc., improves the
dissolution and bioavailability of poorly water-soluble drugs
such as ABTA by reducing the particle size (200–800 nm).

Among the numerous ways to increase the solubility by
amorphization, SD is the effective strategy in which API is
homogenously distributed in a polymeric matrix,22 though it
carries a risk of recrystallization. Several strategies are
employed in SD formulations to counteract the risk of re-
crystallization. Consequently, choosing an appropriate poly-
mer for SDs becomes a crucial step, as it not only enhances the
API solubility and the dissolution of SDs but also hinders
undesirable API precipitation.23–25 Previous studies have
revealed that cellulosic polymers play a vital role in maintaining
supersaturation in SDs by inhibiting crystallization and keeping
the drug molecules in a dissolved state for a prolonged
period.8,26 Furthermore, cellulosic polymer chains interact with
the API molecules, forming hydrogen bonds, reducing their
mobility, and preventing them from precipitating out of the
solution.26 The utilization of a high-energy form of the API and
enhanced release properties, when combined with a hydro-
philic/amphiphilic cellulosic polymer, are possibilities for the
improved in vivo performance of SDs.21

Hydroxypropyl methyl cellulose acetate succinate (HPMCAS),
the cellulose succinate derivative chosen for this study, has
been utilized as a carrier in the SD. It enhances solubility and
improves the bioavailability of the low aqueous-soluble API.27

HPMCAS is amphiphilic, available in 3 distinct grades, i.e.,
HPMCAS 716, HPMCAS 912, and HPMCAS 126.23 Additionally,
HPMCAS aids in sustaining the drug's supersaturation by
inhibiting precipitation, thereby enhancing dissolution and
extent in aqueous environments.23,28

This present study aimed to enhance the solubility and
dissolution of ABTA using amphiphilic polymer HPMCAS. For
that, the Hansen solubility parameter and Flory–Huggins drug–
polymer interaction approach were employed to forecast the
miscibility between ABTA and the selected polymer, HPMCAS.
SDs of ABTA were developed by a solvent granulation method
employing different grades of HPMCAS.29 Moreover, the ability
of HPMCAS to impede crystallization was investigated via the
precipitation inhibition study. The free ABTA and its SDs were
studied for saturation solubility and in vitro release testing in
different dissolution media. The physicochemical character-
izations of SDs were evaluated by differential scanning calo-
rimetry (DSC), attenuated total reectance-Fourier transform
© 2024 The Author(s). Published by the Royal Society of Chemistry
infrared (ATR-FTIR) spectroscopy, powder X-ray diffraction
(PXRD), thermogravimetric analysis (TGA), and scanning elec-
tron microscopy (SEM). Stability studies of the developed
formulations were also conducted. The pharmacokinetic study
was performed in Wistar rats to study the bioavailability of
prepared ABTA-SDs.

Materials and methods
Materials

ABTA with 98% purity (CAS no. 154229-18-2) was generously
gied by Biophore India Pharmaceuticals Pvt. Ltd, India.
HPMCAS 716, HPMCAS 912, and Startab were supplied as gi
samples from Colorcon Asia Pvt. Ltd, India. Soya lecithin and
sodium taurocholate were procured from the SRL. Mannitol
and citric acid were purchased from Hi-Media. Lactose mono-
hydrate and magnesium stearate were procured from CDH.
Analytical grade HPLC solvents such as acetone, methanol,
dichloromethane, and acetonitrile were procured from Merck.

Biorelevant media composition

Fasted-state simulated intestinal uid (FaSSIF, pH 6.5).
Sodium dihydrogen phosphate (3.43 gm) and sodium chloride
(6.18 gm) were dissolved in 1000 mL of water. Then, 1.54 gm of
sodium taurocholate was added to the mixture. Separately,
482.92 mg of lecithin was dissolved in 4 mL of dichloromethane
and then added to the mixture. The resulting emulsion was
turbid and yellow in color. This emulsion was kept on
a magnetic stirrer overnight to remove traces of methylene
chloride. The pH was then adjusted to 6.5 with 1 N NaOH.

Fed-state simulated intestinal uid (FeSSIF, pH 5.0). Sodium
chloride (11.87 gm) was dissolved in 1000mL of water. Then, 8.65
gm of acetic acid was added to the mixture. Following this, 8.25
gm of sodium taurocholate was incorporated into the solution.
Separately, 2.41 gm of lecithin was dissolved in 10 mL of
dichloromethane and then added to the mixture. The resulting
emulsion was turbid and yellow in color. This emulsion was kept
on a magnetic stirrer overnight to remove traces of methylene
chloride. Finally, the pH was adjusted to 5.0 with 1 N NaOH.

Drug–polymer miscibility predictions

Drug–polymer miscibility is a critical consideration in the
preparation of SD. The Flory–Huggins interaction parameter (c)
was employed to assess drug–polymer miscibility and solubility
by utilizing key thermodynamic parameters, such as the free
energy of mixing. Hansen solubility parameter predictions were
utilized to forecast drug–polymer miscibility for various drugs
and polymers, which was determined via the van Krevelen and
Hoyzer group contribution method. This approach was
utilized to evaluate c.30–33

Hansen solubility parameter approach

The van Krevelen and Hoyzer group contribution method34

was used to determine the Hansen solubility parameter (d) of
drug (ABTA) and polymer (HPMCAS) using their chemical
structure, as shown in Fig. 1.
RSC Adv., 2024, 14, 38492–38505 | 38493
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The three primary Hansen parameters were calculated for
each molecule: (i) dispersion forces amongst the molecule (dd),
(ii) dipolar intermolecular forces amongst the molecule (dp),
and (iii) hydrogen bonding energy amongst the molecule (dh).
The overall solubility parameter (dt), typically expressed in
MPa0.5, was determined by aggregating all three Hansen
parameters as depicted in eqn (1):

dt
2 = dd

2 + dp
2 + dh

2 (1)

These forces can be determined using eqn (2). In contrast,
Fdi, Fpi, and Fh are the group contributions to the dispersion
forces, dipolar intermolecular forces, and hydrogen bonding
energy. V is the group contribution to the molar volume
respectively.

dd ¼ ˛Fdi

V
; dp ¼

ffiffiffiffiffiffiffiffiffiffiffi
˛Fpi

2

q

V
dh ¼ O

˛Fhi

V
: (2)

Flory–Huggins drug–polymer interaction approach

Flory–Huggins parameter (c) for drug–polymer interactions was
determined by the difference between the solubility parameters
of drugs and polymers, calculated using eqn (3). In this equa-
tion, Vsite represents the hypothetical lattice volume, while T
denotes the temperature, R stands for the gas constant, and
ddrug and dpolymer signify the solubility parameters of the drug
and polymer, respectively.35

c ¼ vsite
�
dpolymer � ddrug

�2
RT

(3)

Preparation and optimization of ABTA-SD formulation

ABTA-SD formulations were prepared by the solvent granulation
method. The components of the ABTA-SD formulations are
Fig. 1 Chemical structure of ABTA and HPMCAS.

38494 | RSC Adv., 2024, 14, 38492–38505
shown in Table 1. Solvent granulation involved dissolving the
polymer (HPMCAS 716 or 912) in an organic solvent system, i.e.,
acetone, followed by the addition of ABTA. This solution was
then gradually added to lactose monohydrate and thoroughly
mixed, allowing the solvent to evaporate at room temperature
(25 °C). The resulting SD was collected, sieved, and stored in
desiccators for further analysis. Additionally, physical mixtures
(PMs) of ABTA were formulated via geometric mixing of
different ratios of the drug and polymer in themortar and pestle
with less force, conrming that no grinding was employed
during the process. The formulated SD was collected, sieved,
and stored in desiccators until further analysis.29

Saturation solubility studies

To conduct the saturation solubility studies, excessive quanti-
ties of free ABTA, PM of HPMCAS 716 and 912 (P1–P6), and SD
of HPMCAS 716 or 912 prepared from solvent granulation
methods (F1–F6) were introduced into vials containing distilled
water, pH 6.8, pH 1.2, fasted-state simulated intestinal uid
(FaSSIF, pH 6.5) and fed-state simulated intestinal uid (FeSSIF,
pH 5.0). These vials were placed on an orbital shaker and
continuously stirred for 6 h at a controlled temperature of 37 ±

0.5 °C, allowing equilibrium to be reached. Aer 6 h, 2 mL
aliquots of the samples were extracted. A 0.22 mm nylon syringe
lter was used to lter the supernatant and subsequently sub-
jected to analysis using RP-HPLC.36 The analysis was performed
using a Hypersil Gold C18 column (50 × 4.6 mm × 5 mm) using
a mobile phase of acetonitrile and 0.01 mM potassium phos-
phate buffer (80 : 20, v/v%), at pH 6.5. The ow rate was 1.0
mL min−1, with a 20 mL injection volume, detection at 254 nm,
and the column temperature maintained at 40 °C.

Precipitation inhibition assay

For the precipitation inhibition study, supersaturation was
attained by incorporating 2 mL of ABTA solution (6 mgmL−1 in
methanol) to 100 mL of FaSSIF, pH 6.5 media. While
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions of ABTA-solid dispersions and ABTA-physical mixturesa

Formulation P1 P2 P3 P4 P5 P6 F1 F2 F3 F4 F5 F6

ABTA (mg) 166.66 125 100 166.66 125 100 166.66 125 100 166.66 125 100
HPMCAS716 (mg) 166.66 250 300 — — — 166.66 250 300 — — —
HPMCAS912 (mg) — — — 166.66 250 300 — — — 166.66 250 300
Lactose monohydrate 166.66 125 100 166.66 125 100 166.66 125 100 166.66 125 100
Acetone (mL) — — — — — — 5 5 5 5 5 5
Total (mg) 500 500 500 500 500 500 500 500 500 500 500 500

a P1–P6: physical mixture of ABTA with HPMCAS 716 and 912; F1–F6: solid dispersion of ABTA using HPMCAS 716 and 912.
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incorporating the ABTA solution, the magnetic stirrer
continued to stir at 200 rpm at 37 °C ± 0.5 °C. To explore the
impact of HPMCAS 716 or 912 polymers, they were pre-
dissolved in the precipitation media (FaSSIF) to evaluate the
effect. In contrast, precipitation media without polymer was
employed as a control.8,37 The ABTA concentration was
measured at predetermined time intervals, i.e., 5, 10, 15, 30,
45, 60, 90, 120, and 180 min in the presence and absence of
HPMCAS 716 and 912 and quantied using RP-HPLC. For
ABTA precipitation inhibition, HPMCAS 716 or 912 was
investigated at a weight ratio of 1 : 2 (ABTA/HPMCAS) in
a binary mixture. This ratio was chosen based on the
maximum solubility of ABTA.
Dynamic light scattering

The particle size of the precipitate was assessed through
dynamic light scattering (DLS) using a Malvern Zeta Sizer (Nano
ZS, Malvern Instruments, UK) at a temperature of 25 °C as part
of the precipitation inhibition study. Samples were removed
from the precipitation inhibition study aer 5, 10, 15, 30, 45, 60,
120, and 180 min.37
Characterization of solid dispersions

Differential scanning calorimetry (DSC). To determine the
crystallinity, the free ABTA, HPMCAS 716, HPMCAS 912, lactose
monohydrate, ABTA-PM (P2, P5), and ABTA-SD (F2, F5) were
analyzed by DSC using a Shimadzu TA 60 DSC system operating
with the TA 60 soware. Approximately 3–5 mg of the sample
was loaded into a perforated aluminum crucible, while an
empty pan served as a reference during the measurement. The
sample was then heated from 30 to 300 °C at 10 °C min−1 under
a nitrogen atmosphere at a ow rate of 50 mL min−1. This study
aimed to examine the thermal behavior of the drug and inves-
tigate drug–polymer interactions.
Table 2 Estimated solubility parameter and Flory–Huggins drug–polym

Drug/excipient
Hansen solubility
parameter (MPa0.5)

ABTA 19.38
HPMCAS 716 23.67
HPMCAS 912 23.22

© 2024 The Author(s). Published by the Royal Society of Chemistry
Thermogravimetric analysis (TGA). TGA analysis was con-
ducted using a Shimadzu TA 60 instrument operating with the
TA 60 soware. TGA was employed to assess the stability of the
drug/polymer blend. Below 150 °C, any weight reduction was
considered dehydration, with the change in weight reecting
the moisture content. Each sample (free ABTA, HPMCAS 716,
HPMCAS 912, lactose monohydrate, ABTA-PM (P2, P5) and
ABTA-SD (F2, F5)) weighing between 8 and 10 mg were loaded
into platinum crucibles and subjected to heating from 30 to
400 °C at a rate of 10 °C min−1, under a nitrogen atmosphere at
a ow rate of 50 mL min−1.38

Powder X-ray diffraction (PXRD). PXRD testing was per-
formed using a Rigaku mini ex II diffractometer with incident
radiation of Cu Ka produced at 40 kV and 30 mA, applying
a scanning rate of 2° min−1 with a 2q range of 10–60°. PXRD
analysis examined the crystallinity in free ABTA, HPMCAS 716,
HPMCAS 912, lactose monohydrate, ABTA-PM (P2, P5), and
ABTA-SD (F2, F5).39

Attenuated total reectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. ATR-FTIR spectra determined the
distinguishing possible interactions between the API and the
polymer. The free ABTA, HPMCAS 716, HPMCAS 912, lactose
monohydrate, ABTA-PM (P2, P5), and ABTA-SD (F2, F5) spectra
were recorded by ATR-FTIR spectroscopy (Bruker, USA) oper-
ating with the Opus soware. The spectra were recorded within
the 400–4000 cm−1 range with a resolution of 1 cm−1 and were
averaged over 100 scans.40

Field emission scanning electron microscopy (FE-SEM). The
FE-SEM determined the shape and surface characteristics of the
free ABTA and ABTA-SD (F2 and F5) formulations. The samples
were prepared by mounting them on aluminum stubs and
vacuum-coating them with gold using a sputter coating
machine (Leica Ultra Microtome EM UC7). Then, the coated
samples were placed under an FE-SEM for the morphological
analysis.25
er interaction parameter values derived for HPMCAS and ABTA

Dd (MPa1/2)
(dHPMCAS − dABTA)

Flory–Huggins drug–polymer
interaction parameter (c)

—
4.29 2.00
3.85 1.61

RSC Adv., 2024, 14, 38492–38505 | 38495
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Fig. 2 Solubility profiles of all ABTA-SD formulations and physical mixture (PM) in different media: [A] water; [B] pH 1.2; [C] pH 6.8; [D] FaSSIF and
[E] FeSSIF. (P1–P6: physical mixture of ABTA with HPMCAS 716 and 912; F1–F6: solid dispersion of ABTA using HPMCAS 716 and 912).
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Determination of the ABTA content

The concentration of ABTA in the SD was quantied by RP-
HPLC (Shimadzu) analysis using a Hypersil Gold C18 column
(50 × 4.6 mm × 5 mm) with a mobile phase consisting of
acetonitrile and dibasic potassium phosphate (0.01 mM) in
a ratio of 80 : 20 (%v/v). The mobile phase pH was set to 6.5, at
a ow rate of 1.0 mL min−1 and an injection volume of 20 mL.
Detection was conducted at a wavelength of 254 nm, and the
column temperature was maintained at 40 °C.41

In vitro dissolution of the ABTA-SD formulation

In vitro dissolution studies of ABTA were performed in various
dissolutionmedia, such as pH 1.2, pH 6.8, and pH 4.5, to evaluate
the rate and extent of the drug from the dissolution of SD, and
38496 | RSC Adv., 2024, 14, 38492–38505
this was compared with the pure drug dissolution. Additionally,
the dissolution behavior pattern in these various media was
investigated. Specically, for the pH 4.5 dissolutionmedia, 0.25%
sodium lauryl sulphate was incorporated, as per its specication
in the official pharmacopeia. The USP II apparatus was employed
for the dissolution testing. In our investigations, USP II dissolu-
tion apparatus with a media volume of 300 mL and a speed of
150 rpm was utilized to examine drug dissolution from both the
SD and free drug. In brief, 10 mg of ABTA and ABTA-SD (F2 and
F5) (equivalent to 10 mg of ABTA) sample was added to 250 mL
media of pH 1.2, pH 6.8, and pH 4.5 with 0.25% SLS maintained
at 37 °C and stirred at 150 rpm. Samples were collected at pre-
determined intervals (5, 10, 15, 30, 45, 60, and 120 min), and an
equal volume of fresh media was replenished. The collected
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Precipitation inhibition assay [A]; and particle size profiles [B] of supersaturated ABTA in FaSSIF, pH 6.5, in the presence of pre-dissolved
HPMCAS 716 and 912 (mean ± S.D, n = 3).
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samples were ltered using a 0.45 mm syringe lter and analyzed
by RP-HPLC.41

Bio-relevant dissolution of the ABTA-SD formulation

Biorelevant dissolution media are used to replicate the physio-
logical conditions of the gastrointestinal tract, thus aiding in
Fig. 4 Characterizations of ABTA and ABTA-SD: [A] DSC thermogram; [B]
and [E] FTIR spectra. [a] ABTA; [b] HPMCAS 716; [c] HPMCAS 912; [d] lactos
(solid dispersion with HPMCAS 716); and [h] F5 (solid dispersion with HP

© 2024 The Author(s). Published by the Royal Society of Chemistry
the prediction of a drug's behavior and dissolution within the
human body. These studies play a pivotal role in forecasting in
vivo performance and can offer valuable insights into how
a formulation behaves in the gastrointestinal tract. However, it
is essential to understand that biorelevant dissolution studies
offer a closer simulation of in vivo conditions than traditional
PXRD spectrum; [C] PXRD spectrum (magnified view); [D] TGA spectra;
emonohydrate; [e] P2 (physical mixture); [f] P5 (physical mixture); [g] F2
MCAS 912).
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Fig. 5 FE-SEM images of [a] ABTA; [b] F2; and [c] F5.
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dissolution tests. Moreover, bio-relevant dissolution studies can
be critical when a drug shows a food effect. The food effects
refer to the inuence of the food on the absorption and phar-
macokinetics of a drug aer oral administration.

Given that ABTA exhibits a food effect, it is imperative to
investigate its dissolution in fasted-state simulated intestinal
Fig. 6 In vitro dissolution profile of ABTA and its SD formulations (F2 an

38498 | RSC Adv., 2024, 14, 38492–38505
uid (FaSSIF, pH 6.5) and fed-state simulated intestinal uid
(FeSSIF, pH 5.0) media.42 In brief, 10 mg of ABTA and ABTA-SD
(F2 and F5) (equivalent to 10 mg of ABTA) sample was added to
250 mL of FaSSIF (pH 6.5) and FeSSIF (pH 5.0) media main-
tained at 37 °C and stirred at 150 rpm. Samples were collected at
scheduled intervals (5, 10, 15, 30, 45, 60, and 120 min), followed
d F5) in different buffer media: [A] pH 1.2; [B] pH 6.8; and [C] pH 4.5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vitro dissolution profile of ABTA and SD formulations [F2 and F5] in different buffer media: [A] FaSSIF (pH 6.5) and [B] FeSSIF (pH 5.0).
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by the addition of an equal volume of freshmedia. The collected
samples were ltered through a 0.45 mm syringe lter before RP-
HPLC analysis.43
Table 3 Dissolution parameters of ABTA and ABTA-SD in different
dissolution media

Formulation Model R2 adjusted kKP n MDT DE

Dissolution media pH 1.2
ABTA KP 0.8284 9.72 0.384 27 0.437
F2 KP 0.9961 60.77 0.075 13.85 0.792
F5 KP 0.9839 36.74 0.173 19.42 0.711
Dissolution media pH 4.5 with 0.25% SLS
ABTA KP 0.9963 46.96 0.07 7.91 0.599
F2 KP 0.9966 73.57 0.04 5.96 0.860
F5 KP 0.9988 64.30 0.05 7.73 0.768

Dissolution media pH 6.8
ABTA KP 0.8979 0.075 0.570 50.98 0.007
F2 KP 0.9672 3.622 0.218 22.31 0.083
F5 KP 0.9661 2.062 0.254 20.87 0.055

Dissolution media FaSSIF (pH 6.5)
ABTA KP 0.9549 1.962 0.330 22.17 0.072
F2 KP 0.9935 21.82 0.109 12.66 0.326
F5 KP 0.9907 12.26 0.157 21.97 0.222

Dissolution media FeSSIF (pH 5.0)
ABTA KP 0.8903 5.059 0.392 29.95 0.242
F2 KP 0.9764 5.247 0.488 25.02 0.402
F5 KP 0.9648 13.693 0.308 28.45 0.341

Table 4 Stability study of the developed formulation under the accelera

Formulation F2
Time 0th day 90th day
Temperature RT 40 °C/75
Drug content 98.89 � 0.112 98.01 � 0
Color White color and intact throughout the stu
DSC No endothermic peak was observed of AB
PXRD No diffraction peak pattern was observed

© 2024 The Author(s). Published by the Royal Society of Chemistry
Mathematical analysis of in vitro and bio-relevant dissolution
data

The dissolution proles of both free ABTA and the optimized
formulation ABTA-SD (F2 and F5) were assessed using several
parameters: percent dissolution efficiency (DE) and mean
dissolution time (MDT). Additionally, the DD Solver soware
conducted the mathematical modeling of the dissolution
proles. Variousmodels were employed to determine which one
best represented the dissolution data, utilizing R2 (correlation
coefficient), MSC (model selection criteria), and AIC (Akaike
information criterion), as criteria for selection.44
Stability studies

Optimized ABTA-SD formulations were stored in sealed amber
glass bottles for three months (90 days) in stability chambers
under accelerated conditions (40 ± 2 °C and 75 ± 5% RH). The
stability study was conducted by examining the physical char-
acteristics (color), DSC, and PXRD both initially and aer three
months under accelerated conditions.45
In vivo pharmacokinetic study

All experimental protocols were approved by the Institutional
Animal Ethics Committee (IAEC) before the start of the work
(protocol no. IAEC/RES/32/01). Healthy Wistar rats were selected
for pharmacokinetic studies of free ABTA and ABTA-SD formula-
tions. Rats with an average weight of 200–250 gm (6–8 weeks old)
were obtained from Central Animal Facility (CAF), BITS, Pilani,
ted condition

F5
0th day 90th day

% RH RT 40 °C/75% RH
.245 97.45 � 0.321 97.11 � 0.398
dy period
TA, which remained in an amorphous form
in ABTA, which remained in an amorphous form

RSC Adv., 2024, 14, 38492–38505 | 38499
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Fig. 8 DSC thermogram [A] and PXRD patterns (magnified view) [B]: (a) ABTA; (b) F2 (0 days); (c) F5 (0 days); (d) F2 (90 days); and (e) F5 (90 days).
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Pilani Campus, Rajasthan, India. Animals were kept in a standard
plastic cagemaintained under controlled conditions (23± 2 °C, 60
± 5% RH, and 12 h darkness-12 h light cycle) and provided
standard laboratory pellet food with water ad libitum. Rats were
acclimated to the study environment for at least ve days before
the study began. Throughout the study, all animals were moni-
tored for general conditions, unusual signs, toxicity, andmortality.

Pharmacokinetic studies were conducted on 3 groups (n= 3)
that received different oral formulations under fasting condi-
tions. The rats were divided into three groups and given oral
suspensions as follows: group 1 was administered the free drug
ABTA; group 2 was administered ABTA-SD (with HPMCAS 716:
F2); group 3 was administered ABTA-SD with HPMCAS 912 (F5).
Prior to the start of the experiments, animals were given free
access to water and allowed to fast overnight for 12 h. The dose
was administered orally with the suspension of ABTA, F2, and
F5, by gavage as a single dose of 200 mg kg−1 of the drug. Blood
samples (0.5 mL) were collected from the retro-orbital venous
plexus at specic time intervals (0.5 h, 1 h, 2 h, 4 h, 6 h, 8 h, and
12 h) post-administration, respectively. Collected blood
samples were transferred into a labeled microcentrifuge tube
containing 20 mL of 10% EDTA as an anticoagulant and mixed
well. The plasma samples were separated by centrifugation at
8000 rpm for 10 min at 4 °C. The supernatant was obtained and
stored at−20 °C till further analysis. The RP-HPLC bioanalytical
method was used to quantify the concentration of ABTA. This
analysis was carried out using a Hypersil gold C18 HPLC column
(50 mm × 4.6 mm, particle size = 5 mm), the mobile phase
Table 5 Pharmacokinetic parameters of unformulated ABTA and ABTA-S

Parameters Unit Free ABTA

Tmax h 3.33 � 0.67
Cmax ng mL−1 243.27 � 24.40
AUC0–h ng mL−1 h−1 1494.08 � 191.4
AUC0–N ng mL−1 h−1 3913.84 � 1205.
Vd/F L kg−1 1356 � 62.22
CL/F L h−1 kg−1 56.14 � 24.04
Ke h−1 0.11 � 0.074
MRT h 4.00 � 0.12
Frel — 1.00

38500 | RSC Adv., 2024, 14, 38492–38505
mixture comprised acetonitrile and 0.01 mM K2HPO4 buffer
(pH 3.0) in a ratio of 34 : 66 (v/v%), 1 mL min−1

ow rate, 50 mL
injection volume, and 30 °C column temperature.

The obtained chromatographic peak was calculated for
plasma drug concentration. To understand the plasma prole,
plasma drug concentration vs. time was plotted. The maximum
observed plasma concentration (Cmax) was recorded directly from
the individual plasma concentration versus time proles. Various
pharmacokinetic parameters such as area under the curve (AUC0–

t), Tmax, and MRT were estimated by the non-compartmental
analysis (NCA) method using Phoenix WinNolin Certera™
(Pharsight, U.S.A; Version: 8.0). The relative bioavailability (Frel)
of SD formulations was calculated using AUC with respect to the
same for free ABTA suspension administered.46
Results and discussion
Drug-solubility parameter approach

When formulating the amorphous-based solid dispersion,
information on the solubility and miscibility of the drug within
the polymeric matrix is required. A critical aspect of formulating
stabilized SDs involves achieving a single homogeneous phase
wherein the drug and polymer are thermodynamically
compatible. The thermodynamic miscibility of ABTA with the
specied polymers (HPMCAS 716 and 912) was investigated by
determining Hansen solubility parameters, employing the van
Krevelen and Hoyzer group's contribution method. Due to its
relative simplicity, this method of calculating solubility
D after oral administration in rats (values are presented as mean + SEM)

F2 F5

6.67 � 0.67 2.7 � 0.67
466.76 � 14.75 306.30 � 6.22

0 4299.10 � 66.70 1910.40 � 12.97
40 6508.17 � 1140.90 3707.90 � 547.65

264.41 � 43.80 531.22 � 17.25
32.88 � 5.29 56.75 � 9.60
0.14 � 0.04 0.11 � 0.06
5.82 � 0.22 4.00 � 0.11
2.87 1.28

© 2024 The Author(s). Published by the Royal Society of Chemistry
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parameters and applying them to SDs remains widely utilized.
In this method, when the solubility parameter between a drug
and a polymer differs by less than 7 MPa1/2, a system is said to
be miscible, or when both compounds have similar Dd values.
However, a system is immiscible if Dd is more than 10 MPa1/2.30

The estimation of the solubility parameter of HPMCAS 716 and
912 and ABTA using the Hansen group contribution theory is
shown in Tables 1S and 2S.†

As indicated in Table 2, the Dd value between ABTA and
HPMCAS was below 7 MPa1/2, suggesting favorable miscibility.
Using these solubility parameter values for the drug–polymer
system, the Flory–Huggins interaction parameter (c) was
calculated using eqn (3). This equation illustrates that if the
solubility characteristics of the drug and polymer are similar,
the interaction parameters will be close to zero. A low value of c
indicates a smaller enthalpy of mixing and more negative free
energy, facilitating mixing; thus, a value closer to zero signies
a more vital interaction between the drug and the polymer.32

However, the interaction parameter value for the ABTA–
HPMCAS system, as shown in Table 2, is close to zero, indi-
cating miscibility between them.
Saturation solubility studies

The solubility results demonstrate a signicant improvement in
ABTA solubility when formulated as SDs compared to both the
free ABTA and the PM across all tested media. The PM (P1–P6) of
ABTA with the same carriers in the same proportion exhibited
a slight enhancement in solubility in various media compared to
free ABTA. The SDs and PMs were prepared using different grades
of HPMCAS polymers, specically 716 and 912, at various ABTA
ratios. As shown in Fig. 2A, the solubility of free ABTA inwater was
approximately 1.012 mg mL−1. Among all the formulations (F1–
F6), the SDs prepared with HPMCAS 716 and 912 combined with
lactose in a 1/2/1 ratio (F2 and F5) exhibited the highest solubility
in water better than that of both the PMs and free ABTA. The SD,
i.e., F2 and F5 formulation in distilled water, exhibited 26-fold
and 21-fold higher solubility, respectively, than free ABTA, as
shown in Fig. 2A. The solubility of ABTA decreased aer specic
ratios of HPMCAS (1/3/1); this might be due to the increased
viscosity of the solution, which slows down the diffusion of water
molecules into the drug–polymer matrix, hindering the drug's
dissolution. Additionally, at higher HPMCAS ratios, the solution
may reach a saturation point where it can no longer effectively
solubilize additional drug, further limiting ABTA solubility.

A similar trend was observed in all media, i.e., pH 6.8 and pH
1.2, FaSSIF, and FeSSIF. The solubility of SD compared to free
drug in pH 1.2 (Fig. 2B), pH 6.8 (Fig. 2C), FaSSIF (Fig. 2C), and
FeSSIF (Fig. 2D) were found to be 26-fold, 52-fold, 1.72-fold,
2.53-fold, 1.33-fold respectively for F2 formulation and F5
showed 21-fold, 38-fold, 1.6-fold, 2.35-fold, and 1.16 respectively
higher solubility.

The SD with HPMCAS 716 (F2) showed a higher solubility
than that of HPMCAS 912, indicating the substantial impact of
acetate and succinate substitution in the polymer. HPMCAS
716, a cellulose succinate derivative containing 14–18% succi-
nate and 5–9% acetate group, imparts greater hydrophilicity. In
© 2024 The Author(s). Published by the Royal Society of Chemistry
contrast, HPMCAS 912 polymer with 10–14% succinate group
and 7–11% acetate group exhibits hydrophobicity. An increase
in the acetate group corresponds to hydrophobicity, while an
increase in the succinate group is correlated with hydrophi-
licity.23 The enhanced solubility of ABTA in the HPMCAS 716
polymer can be attributed to its higher hydrophilic nature than
that of HPMCAS 912.47 The solubility proles of all ABTA-SD
formulations and PM are shown in Fig. 2.

Precipitation inhibition effect

To assess the effectiveness of cellulose succinate derivatives in
sustaining the supersaturation state of ABTA, the soluble
concentration of ABTA was determined in the solutions of
HPMCAS 716 and 912 within a pre-dissolved FaSSIF (pH 6.5)
buffer. As depicted in Fig. 3A, the concentration of ABTA
initially declined and continued to decrease over time. However,
the HPMCAS 716 and 912 polymers demonstrated a notable
recrystallization inhibition effect, as the concentration of ABTA
in the media remained elevated throughout the 180 min period.
In this study, ABTA was chosen with either HPMCAS 716 or 912
in a weight ratio of 1/2. This ratio was selected based on the
maximum solubility of ABTA observed in different media.

Upon inducing supersaturation of ABTA in the absence of
any polymer, an instantaneous and complete precipitation was
observed; this phenomenon is attributed to the “spring” effect.
The presence of pre-dissolved HPMCAS 716 and 912 polymers
provided a pronounced and stable supersaturation effect. This
study exhibited that the HPMCAS 716 and 912 polymers acted as
“parachute” to impede crystal nucleation and growth. There-
fore, HPMCAS is characterized as an amphiphilic molecule
encompassing both hydrophilic and hydrophobic groups,
demonstrating a recrystallization inhibition effect.48,49 Further-
more, it was elaborated that the adsorption of hydrophobic
groups from these polymers onto the crystal surface of hydro-
phobic APIs may impede the crystal growth of the drug.
Consequently, polymers with hydrophobic characteristics, such
as HPMCAS, exhibited a strong affinity with hydrophobic drugs,
leading to their higher recrystallization inhibition effect.
However, the HPMCAS 912 polymer, possessing a higher
hydrophobic nature and having a higher substitution of acetate
group, showed greater effectiveness in inhibiting precipitation
than HPMCAS 716.47,50

The aforementioned conclusion was conrmed through pre-
dissolved HPMCAS 716 and 912 particle size monitoring. The
size of precipitates formed during induced precipitation was
assessed using dynamic light scattering (DLS). As depicted in
Fig. 3A, in the absence of pre-dissolved polymer, ABTA exhibited
recrystallization within the rst 10 min, evident from a notable
increase in particle size up to 4500 nm. Conversely, in the pres-
ence of pre-dissolved HPMCAS, 716 and 912 maintained
a particle size of around 150–400 nm (Fig. 3B) without substantial
growth throughout the precipitation inhibition study.40

Characterization of the developed formulations

Differential scanning calorimetry (DSC). The thermograms of
ABTA, HPMCAS 716, HPMCAS 912, lactose monohydrate, ABTA-
RSC Adv., 2024, 14, 38492–38505 | 38501
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PM (P2 and P5), and ABTA-SD (F2 and F5) are represented in
Fig. 4A. The thermogram of free ABTA displayed an endothermic
peak at 147.16 °C, coinciding with the melting point of ABTA and
thus signifying its crystalline nature. The HPMCAS 716 and 912
displayed the glass transition temperature (Tg) at 112.06 °C and
130.83 °C. The lactose monohydrate displayed two prominent
endothermic peaks: one signies the dehydration of lactose at
146.04 °C, and the other at 218.28 °C, representing the melting of
lactose. The ABTA-PM (P2 and P5) showed the endothermic peak
of ABTA/lactose monohydrate. However, the endothermic peak
was absent in ABTA-SD (F2 and F5), suggesting the trans-
formation of ABTA from crystalline to amorphous form.

However, the F2 and F5 formulations showed that the
endothermic peak corresponded to lactose monohydrate, not
ABTA. Additionally, ABTA-SD prepared with HPMCAS 716 and
912, excluding lactose monohydrate, exhibited the absence of
the ABTA endothermic peak in the thermogram, as illustrated
in Fig. 1S.† This conrms that the endothermic peak observed
for the F2 and F5 formulations originated from lactose mono-
hydrate. Generally, reducing the crystallinity of a drug enhances
its dissolution and solubility since less energy is needed to
disrupt the crystal lattice.

Powder X-ray diffraction. The PXRD patterns of free ABTA,
HPMCAS 716, HPMCAS 912, lactose monohydrate, ABTA-PM (P2
and P5), and ABTA-SD (F2 and F5) formulations and also the
magnied view of PXRD patterns of all free drugs, polymers, and
formulations at 2q scale (10–25 scale bar) are shown in Fig. 4B
and C. ABTA powder exhibitedmultiple distinctive peaks at 12.1°,
14.9°, 15.2°, 16.05°, 18.4°, 19.07°, and 21.8°, which indicated the
crystallinity of ABTA. Furthermore, HPMCAS 716 and HPMCAS
912 exhibited the amorphous PXRD pattern, while lactose mon-
ohydrate exhibited a crystalline PXRD pattern characterized by
distinct peaks at 12.5° and 16.5°. ABTA-PM (P2 and P5) showed
the characteristics peak of both ABTA and lactose monohydrate.
The diffraction peaks specic to ABTA disappeared completely,
leaving only the distinctive diffraction peaks of lactose mono-
hydrate. This suggests the amorphous dispersion of ABTA in SD,
aligning well with the ndings from the DSC results.

Thermogravimetric analysis. The thermo-gravimetric (TGA)
proles of ABTA, HPMCAS 716, HPMCAS 912, lactose mono-
hydrate, PM (P2 and P5), and ABTA-SD (F2 and F5) are illus-
trated in Fig. 4C. TGA experiments conrmed the effect of
moisture or residual solvent on SD systems. This analysis offers
insights into storage and stability and unveils potential
incompatibilities between the drug and excipients.38,51 Here, the
studies revealed that ABTA, HPMCAS 716, HPMCAS 912, lactose
monohydrate, ABTA-PM, and ABTA-SD were thermally stable
within 300 °C, which indicated that ABTA does not show any
degradation and incompatibilities between the drug and
excipients. Additionally, no residual solvent (acetone) was
observed in the ABTA-SD system prepared by a solvent granu-
lation method.

Attenuated total reectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. The ATR-FTIR spectra of ABTA,
HPMCAS 716, HPMCAS 912, lactose monohydrate, ABTA-PM,
and ABTA-SD were obtained to investigate the physicochemical
interaction between ABTA and carriers in the SD formulation. As
38502 | RSC Adv., 2024, 14, 38492–38505
illustrated in Fig. 4D, the characteristic absorption bands for
crystalline ABTA depicted at 1240 cm−1, 1533 cm−1, 1731 cm−1,
and 2935.68 cm−1 are assigned to the C–O stretching, C]N
stretching (pyridine ring vibration), C]O stretching, and
aromatic C–H stretching vibrations, respectively. The IR spectra
of HPMCAS 716, which resembles HPMCAS 912, showed char-
acteristics peaks at 3606 cm−1, 2358 cm−1, 1745 cm−1,
1646 cm−1, and 1455 cm−1, which are ascribed to the O–H
stretching, C–O stretching, C]O stretching, C]C stretching,
and CH3 stretching vibrations respectively.40 Meanwhile, the IR
spectra of lactose monohydrate displayed a peak at 3280 cm−1

assigned to O–H stretching (broad peak) and doublet peak at
1070 cm−1 and 1030 cm−1, respectively, attributed to C–C
stretching. PM (P2 and P5) of ABTA/HPMCAS 716/912/lactose
monohydrate presented all the leading bands of the three
compounds. Furthermore, the decrease in intensity and the
disappearance of the ABTA peak in the IR spectrum of ABTA-SD
suggest molecular interactions, potentially involving hydrogen
bonding between ABTA and HPMCAS.

Field emission-scanning electron microscopy (FE-SEM). The
ABTA and ABTA-SD surface morphologies were evaluated by FE-
SEM and are presented in Fig. 5. ABTA was observed as irreg-
ularly shaped crystals (Fig. 5a), while in the case of optimized
ABTA with HPMCAS 716 (F2) and HPMCAS 912 (F5), the SD
formulation showed irregularly shaped ABTA-SD fragments,
indicating the possible transition of physical state of pure ABTA
in SDs (Fig. 5b and c).
In vitro dissolution

In vitro dissolution experiments were conducted to examine the
improved drug-dissolution patterns of the SD formulation
compared to crystalline ABTA. Assessing the dissolution
behavior of the SD formulation provides insights into their
potential performance in vivo. The in vitro dissolution proles of
crystalline ABTA and ABTA-SD were evaluated across different
pH conditions, namely pH 1.2, pH 6.8, and pH 4.5 with 0.25%
SLS, which are shown in Fig. 6. Crystalline ABTA showed an
inadequate dissolution with only 1.14% in pH 6.8 and 56.41%
in pH 1.2 aer 120 min. Furthermore, according to the mono-
graph, the in vitro dissolution prole of ABTA was specied at
pH 4.5 with 0.25% SLS; however, only 58.39% of ABTA was
dissolved aer 120 min. These ndings suggest potential
factors such as poor wettability and particle agglomeration
contributing to this poor dissolution behavior, as evidenced by
the observed oating of the drug powder on themedia's surface.
Therefore, improving the dissolution behavior of ABTA is
imperative to facilitate rapid and high absorption. Fig. 6 depicts
that ABTA-SDs have considerably increased the dissolution of
ABTA compared to the crystalline ABTA in all the buffer media.
In pH 1.2 dissolution media, F2 and F5 SD formulations
demonstrated 89.54% and 84.88% drug release within 120 min,
suggesting that drug dissolution increased by 1.58 and 1.50
times compared to crystalline ABTA, as shown in Fig. 6A. In pH
6.8 dissolution media, the dissolution of ABTA from F2 and F5
SD formulations was 10.22% and 6.33%, respectively, as shown
© 2024 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 6B, suggesting that drug dissolution increased by 8.97
and 5.61 times compared to its crystalline form.

A similar trend was observed when the dissolution was per-
formed at pH 4.5 with 0.25% SLS buffer; rapid dissolution of the
drug from the SD formulation occurred, reaching an initial
plateau within 5 min, as shown in Fig. 6C. The F2 formulation
exhibited superior drug dissolution compared to the F5
formulation, attributed to the variance in the HPMCAS polymer
grades. Higher dissolution of ABTA was noted with HPMCAS
716 compared to HPMCAS 912, highlighting the signicant
inuence of acetate and succinate substitution. The degree of
succinate substitution in HPMCAS directly correlates with
dissolution; thus, higher succinate substitution yields increased
dissolution.47 HPMCAS 716, with 14–18% succinate substitu-
tion, demonstrated enhanced dissolution relative to HPMCAS
912, which contains 10–14% succinate substitution.

Biorelevant dissolution studies

Bio-relevant dissolution studies can be critical when a drug shows
a food effect. The food effects refer to the inuence of the food on
the absorption and pharmacokinetics of a drug aer oral admin-
istration. Given that ABTA exhibits a food effect, it is imperative to
investigate its dissolution under different food conditions. Here,
biorelevant dissolution proles of the crystalline ABTA and ABTA-
SD were evaluated in FaSSIF (pH 6.5) and FeSSIF (pH 5.0), as
shown in Fig. 7A and B. In the case of FaSSIF dissolution media,
SD formulations F2 and F5 revealed the increase in drug release by
4.13 and 3.07 times compared to the crystalline ABTA. Further-
more, in FeSSIF dissolution media, drug release was increased by
1.68 and 1.58 times from F2 and F5 compared to the crystalline
ABTA respectively. However, due to the succinyl substitution, the
F2 formulation shows higher drug dissolution in both the media
FaSSIF and FeSSIF than that of the F5 formulation.

Mathematical analysis of in vitro and bio-relevant dissolution
data

The dissolution parameters such as R2 adjusted, kKP, n, DE, MDT,
AIC, and MSC were calculated using the Microso Excel add-in
DDSolver for both ABTA and the optimized formulation ABTA-
SD (F2 and F5) across various dissolution media. The results
are brief in Tables 3 and 3S.† It was observed that the dissolution
models for the free ABTA and optimized ABTA-SD formulations
(F2 and F5) demonstrated a better t with the Korsmeyer–Peppas
(KP) models in pH 1.2, pH 4.5, pH 6.8, FaSSIF, and FeSSIF
respectively, as detailed in Table 3. Furthermore, in these disso-
lution media, the DE for the optimized ABTA-SD formulation (F2
and F5) was higher than that of pure ABTA. In contrast, MDT for
the optimized formulation of ABTA-SD (F2 and F5) had a faster
dissolution than free ABTA, as illustrated in Table 3.

Stability studies of the developed formulations

Physical stability is a signicant challenge in the development of
SD. Ensuring goodmiscibility between the drug and the polymer,
as well as enhancing drug–polymer interactions, is crucial for
improving SD stability. Aer 90 days of stability studies, selected
ABTA-SD formulations (F2 and F5) were analyzed using physical
© 2024 The Author(s). Published by the Royal Society of Chemistry
characteristics, drug content, DSC, and PXRD, with results
compared to the initial results shown in Table 4. The optimized
formulation showed no change in color over the 90 days
compared to the initial results. The DSC thermograms and PXRD
patterns at 0 days and 90 days under accelerated conditions are
shown in Fig. 8A and B. These stability studies conrmed that
ABTA did not recrystallize and the ABTA-SD (F2 and F5) formu-
lations remained in an amorphous form for the entire 90 days
period under accelerated conditions, as illustrated in Fig. 8.
In vivo pharmacokinetic study

ABTA, as a prodrug, undergoes rapid metabolism to the active
metabolite ABT upon oral administration. The pharmacokinetic
proles of both pure ABTA and ABTA-SD (Fig. 2S†) were studied
in Wistar rats, with the pertinent pharmacokinetic parameters
detailed in accompanying Table 5. The results indicated that
ABTA-SD, i.e., F2 and F5 formulations, was absorbed rapidly in
vivo. Here, free ABTA showed low Cmax and AUC0–4h values, which
were 243.27 ± 24.40 ng mL−1 and 1494.08 ± 191.40 ng mL−1 h−1

due to the reduced exposure attributed to the larger crystalline
particles of pure ABTA, which undergo slow dissolution and
consequently exhibit limited absorption. Comparatively, the Cmax

values of ABTA in the F2 and F5 batches were 466.76 ± 14.75 ng
mL−1 and 306.32 ± 6.22 ng mL−1 respectively, exhibiting 1.92-
fold and 1.26-fold increase compared to free ABTA, whereas the
AUC0–12h values of ABTA in the F2 batch and AUC0–8h of ABTA in
the F5 batch were 4299.1 ± 66.7 ng mL−1 h−1 and 1910.4 ± 12.97
ng mL−1 h−1, respectively, increased by 2.87-fold and 1.28-fold,
respectively, when compared to those of free ABTA.

The mean residence time (MRT) for all the SD formulations
was found to be higher than that of free ABTA, suggesting that
more drug was absorbed, and the drug remained in the body for
a longer period. This extended residence time can improve the
therapeutic effectiveness and patient compliance, and potentially
reduce the frequency of dosing. Moreover, the bioavailability of
ABTA-SD in the F2 and F5 batches increased by 2.87-fold and
1.28-fold compared to those of free ABTA. These improved
exposures demonstrate the positive inuences of micronized
ABTA, the transformation of a crystalline state to an amorphous
state, and the capability of HPMCAS to prevent precipitation,
thereby maintaining the supersaturated state of ABTA.

The pharmacokinetic prole of ABTA-SD showed delayed
Cmax when compared to the unformulated ABTA due to the pH-
responsive nature of HPMCAS. Due to the tendency of API to
release more when a pH shi is there, this HPMCASmay exhibit
delayed dissolution or swelling under certain pH conditions,
which in turn delays the release and absorption of the drug.
When comparing the F2 and F5 ABTA-SD formulations, the F2
batch showed a higher Cmax value than that of the F5 batch. This
is because of the different substitution patterns of the succinate
and acetate groups in HPMCAS 716 and HPMCAS 912.
Conclusions

The formulation of SDs has emerged as a promising approach
to enhancing the pharmaceutical properties of poorly water-
RSC Adv., 2024, 14, 38492–38505 | 38503
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soluble active pharmaceutical ingredients. A stable SD of ABTA
was effectively developed using a HPMCAS polymer. Given its
favorable dissolution characteristics, the formulation contain-
ing ABTA/HPMCAS/lactose monohydrate in a ratio of 1/2/1 is
anticipated to serve as a novel formulation for oral absorption.
The Hansen solubility parameters suggest that the solubility
parameter (Dd) between ABTA and HPMCAS was below
7 MPa1/2, suggesting good miscibility amongst them. HPMCAS
is one of the best precipitation inhibitors for maintaining the
supersaturation of ABTA, demonstrating the spring and para-
chute phenomenon. The DSC, PXRD, and FTIR spectroscopy
studies conrmed the amorphization of ABTA during the SD
formation. The dissolution of ABTA-SDs was enhanced in all
media compared to pure ABTA, whereas the pharmacokinetic
study revealed that ABTA-SD signicantly enhanced Cmax and
AUC0–t compared to ABTA. The current investigation elucidated
the ability of SDs to promote the greater absorption of ABTA and
offer the great advantage of reducing the drug dose, which helps
lower the cost of the formulation. This study offers a new
approach to addressing prostate cancer treatment.
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