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ABSTRACT: Rosuvastatin (RST) is a poorly water-soluble drug responsible
for limited in vivo dissolution and subsequently low oral systemic absorption
(poor bioavailability). The mole fraction solubility values of RST in various
ratios of binary mixtures “{PEG400 (1) + water (2)}” at 298.15 K were
employed to investigate the preferential solvation (PS) of RST (3) by the
binary components. Moreover, the GastroPlus program predicted the drug
dissolution/absorption rates, plasma drug concentration, and compartmental
regional drug absorbed from a conventional tablet as compared to the RST-
loaded (PEG400 + water) mixture (at x1 = 0.5) in healthy subjects
(considering the fast condition). Fedors’ method was adopted to estimate the
values of molar volume (314.8 cm3·mol−1) and Hildebrand solubility
parameter (28.08 MPa1/2) of RST. The results of inverse Kirkwood−Buff
integrals showed the PS of RST by PEG400 as observed in all studied ratios of
the binary mixture. The highest PS value (δx1,3 = 1.65 × 10−2) for RST by PEG400 was attained at x1 = 0.5. Finally, the GastroPlus
program predicted the maximum dissolution rate [20 mg within 15 min as compared to pure RST (1.5 mg within 15 min)].
Moreover, the program predicted increased in vivo oral absorption (1.2 μg/mL) and enhanced regional absorption (95.3%) of RST
from upper segments of the gastrointestinal tract for the RST-loaded PEG400 + water mixture in humans as compared to
conventional tablets (87.5% as total regional absorption and 0.88 μg/mL as in vivo absorption). Hence, the present binary system
ferrying RST can be a promising strategy to control systemic dyslipidemia after oral or subcutaneous administration.

1. INTRODUCTION
Rosuvastatin (RST) is a potential hypolipidemic agent that
acts by selective and competitive inhibition of the HMG-CoA
(hydroxymethyl-glutaryl co-enzyme A) reductase enzyme for
conversion to mevalonate (a cholesterol precursor). In
addition, the drug has also been reported for the treatment
of Alzheimer’s, benign prostate hyperplasia, and osteoporosis.1

Chemically, the drug is named (6E)-7-{4-(4-fluorophenyl)-2-
[methyl(methylsulfonyl)amino]-6-(propan-2-yl)pyrimidin-5-
yl} hept-6-enoic acid. It has the molecular formula of
C22H28FN3O6S, with a molar mass of 481.5 g·mol−1 and a
pKa value of 4.0 (derived from hept-6-enoic acid) (Figure 1).1,2

RST is a lipophilic (log P = 2.4) candidate with low water
solubility (0.33 mg/mL), poor in vivo dissolution in
physiological fluids, and limited oral absorption resulting in
least oral bioavailability (∼20%).3

In the published literature, several authors have reported the
RST solubility in various neat solvents (water, ethanol, 2-
butanol, 1-butanol, propylene glycol, isopropyl alcohol, and
ethylene glycol) over a wide range of temperature (298.15−
318.15 K), surfactants, co-surfactants, and lipids. Maximum

solubility values of RST in propylene glycol (PG) and
(polyethylene glycol 400) PEG400 were reported as 1.89 ×
10−2 (mole fraction solubility at 318.15 K) and 65.7 mg/g,
respectively.3,4 Several authors used ethanol, PEG200, and
PEG400 as cosolvents with water to form new mixture ratios to
improve lipophilic drug solubility in the explored temperature
range.5−7 The concept of cosolvency technique has widely
been used for formulation development, water treatment from
wastewater treatment plant, and purification studies.

PEG400 is capable of solubilizing various lipophilic drugs
with high safety (oral and parenteral). The reported oral dose
of RST is approximately in the range of 5−40 mg daily for
adults.3 The dose can also be delivered using the
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biocompatible {PEG400 (1) + water (2)} cosolvent mixture
for the alternative route (such as subcutaneous) of drug
administration to the oral dosage form. Hence, the present
study examined the solubilization of RST in the aqueous
solution of PEG400 at 25.0 °C and varied ratios of PEG400 in
water. Thus, the PS study of RST would help investigate the
dissolution-associated mechanisms in the binary system
(PEG400 + water). This may establish a conclusive under-
standing of RST dissolution processes of the solute (RST) in
the binary system and PS of RST by PEG400 in the same
binary system using various solubility models.8−10 The PS and
equilibrium solubility of RST are important parameters for
standardization, formulation design, method development for
quantification, and a thorough understanding of the molecular
mechanisms [hydrogen bonding, free energy, and preferential
solvation (PS)] involved in the physical stability during the
dissolution process. In general, the solubility (equilibrium
solubility) of an active ingredient and its physicochemical
properties crucially dictate pharmacokinetic profiles of the
dosage form intended for parenteral, oral, transdermal, and
subcutaneous delivery.11 The data obtained from the
equilibrium solubility study allow us to determine PS
parameters of RST by each component of the binary system.
The estimated parameters are powerful tools to investigate the
molecular understanding of interaction for in vitro or in vivo
dissolution mechanisms/processes using the targeted binary
system.9,10

The drug is associated with limited aqueous solubility and
solubility in buffer. We aimed to understand the PS behavior of
polyethylene glycol 400 (as a cosolvent) in the binary mixture
of different ratios. Moreover, the program was used to predict
the optimized ratio of the binary mixture for in vivo behavior
(increased in vivo dissolution and subsequent in vivo
absorption for maximum oral bioavailability) in humans
based on the solubility data. It was imperative to recognize
the PS behavior of PEG400 in the binary system so that it can
be administered in aqueous parenteral, subcutaneous, and oral
dosage forms to control hyperlipidemia. Moreover, we

attempted to identify a biocompatible and recommended
water−soluble cosolvent for maximum drug solubility, stability,
and within safe concentration. Therefore, an attempt has been
made to investigate PS parameters of RST in the binary system
{(PEG400 + water)} employing the equilibrium solubility
data. This would be informative to understand the molecular
interactions (hydrogen bonding, free energy, and PS) involved
in the drug dissolution process at room temperature (25.0 °C)
in the (PEG400 + water) mixtures. The equilibrium study of
RST was carried out in pure solvent(s) and in various mass
ratios (i.e., 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.5, 0.7, 0.8, 0.9, and 1.0)
of PEG400 and water at 298.15 K. The PS parameter(s) of
RST by the individual constituent of “PEG400 + water” system
have not been studied so far. For this, the present study
addressed the effect of the individual constituent in the
targeted binary system on RST dissolution and subsequent
determination of the PS parameters of RST in the binary
system conformed by each solvent by applying several models.
Furthermore, the GastroPlus program offered to simulate and
predict in vivo performance of the binary system in humans
and comparison against the conventional dosage form. The
program is one of the best tools to predict bio-pharmacoki-
netics utilizing experimental data, by-default values, and
literature-based findings.

2. MATERIALS AND METHODS
2.1. Materials. Rosuvastatin calcium (RST, >98.0% pure)

was obtained as a gift sample from Aurobindo Pharma,
Hyderabad, India (Table 1) (provided by Dr Mohd Neyaz
Ahsan, BIT, Mesra, Ranchi, India). RST (rosuvastatin
hemicalcium) was chemically (E)-7-[4-(4-fluorophenyl)-6-
isopropyl-2-[methyl(methylsulfonyl)amino]pyrimidin-5-yl]-
(3R,5S)-3,5-dihydroxyhept-6-enoic acid, calcium salt (2:1).
Acetonitrile, methanol, PEG400, and phosphoric acid were
used for the formulation studies, and these were purchased
from Sigma-Aldrich, India. Phosphoric acid was used to set the
final pH of the mobile phase. PEG400 and distilled water

Figure 1. (A) Chemical structure of hemi calcium salt of RST used for solubility study and (B) structure of RST{(a synthetic statin and a conjugate
acid of RST (1−)} used as the input parameter of GastroPlus simulation and prediction software.
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served as the binary mixture system in varied ratios. All
reagents were of AR (analytical reagent) grade (Table 1).
2.2. Methods. 2.2.1. Chemical Analysis Methodology.

The procedure and method, for RST estimation, were adopted
from the previous published report.12,13 In brief, analysis was
conducted using the mobile phase composed of acetonitrile,
methanol, and water in 40:40:20 ratios, respectively. The drug
was quantified running isocratic high-performance liquid
chromatography (HPLC) at 245 nm and a column temper-
ature of 25.0 °C.12 Finally, the pH of the mobile phase was set
at 4.0 using phosphoric acid. The freshly prepared mobile
phase was filtered using a membrane filter, sonicated using a
bath sonicator to remove gas bubbles, and then stored at room
temperature for further use. The analysis process was
performed at a constant flow rate (1.0 mL min−1) by injecting
a low sample volume (10 μL) over a running time of 10 min. A
calibration concentration range (5−50 μg/mL) was prepared
for establishing the standard calibration curve with a high
correlation coefficient for linearity (regression coefficient of
0.999 as r2). The lower limit of detection and limit of
quantification were found to be 1.2 and 4.5 μg/mL,
respectively. A summary (purity, source, and grade) of solvents
has been presented in Table 1.

2.2.2. Solubility Assessment. For this, RST mole fraction
solubility values were determined in varied mass fractions (m)
(m = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0) of
PEG400 to water at T = 298.15 K and a fixed pressure of 0.1
MPa with slight modification in the reported method.4 Briefly,
a weighed amount of the drug was constantly added to the
(PEG400 + water) cosolvent binary system. The glass vials
were placed (in platform) in a water-bath shaker maintained at
25.0 ± 1.0 °C. These glass vials were firmly closed to avoid loss
of the cosolvent−water mixture during the experiment. The
addition of RST was continued until the saturation/
equilibrium was achieved. After establishment of equilibrium,
the content was centrifuged at 2795×g for 10.0 min to separate
out the precipitated RST.13 The supernatant was used to
determine the drug content at saturation using the validated
HPLC method at a λmax of 245 nm. A saturation time of three
days was determined by measuring RST concentration (mole
fraction) in neat water until a constant solubility value was
achieved. The experiments were replicated for mean value ±
SD (standard deviation) values (n = 3). Experimental solubility
(xe) was calculated as (eq 1)

( )
( ) ( )
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M

m
M

m
M

e

e

e

e

e

solv

solv

=
+

(1)

where me and Me are the mass and the molar mass of RST,
respectively. Similarly, msolv and Msolv represent the mass and
the pondered molar mass of the solvent, respectively.

2.2.3. Mathematical Models to Study PS. Theoretically,
solubility of RST in a given solvent or multiple solvent
combination is the result of various mechanistic processes
involved at particular temperature. Hansen solubility, Hilde-
brand solubility parameters, and thermodynamics solubility
parameter(s) are reported to investigate the mechanism
involved in the drug dissolution process/mixing/miscibility.
Interestingly, PS is considered as a phenomenon where solvent
proportion of the mixed solution (a binary system) around a
solute molecule differentiates from the “static proportion”
when it is present in the bulk. Theoretically, it is important to
disrupt cohesive forces existing (cohesive solvent−solvent
interaction) among the solvent molecules surrounding
(vicinity) the solute molecule rather than the interaction
present between polymers and solvents.14,15 The behavior of
the solute (diffusion, chemical shift, reactivity, and so on)
depends upon the composition of the solvent in mixed
solvents.16 In the present study, the PS parameter of RST by
PEG400 (1) in the binary {PEG400 (1) + water (2)} mixtures
can be defined as (eq 2)

x x x xL
1,3 1,3 1 2,3= = (2)

where x1,3L and x1 are the local mole fractions of the prime
component {PEG400 (1)} surrounding the solute {RST (3)}
and the bulk mole fraction of the same (polyethylene glycol
400 designated as 1) in the initial binary system {(PEG400 +
water)} free from RST, respectively. The calculated values of
δx1,3 indicate the plausible chance of PS of RST through
PEG400 (1) or water (2). The negative value of “δx1,3” (δx1,3 <
0) indicates PS of RST by water molecules, whereas the
positive value of “δx1,3” (δx1,3 > 0) directs PS by the PEG400
(eq 3). Finally, the local (x1,3L ) and bulk (x1) compositions of
PEG400 in the studied binary system need to be integrated
with the standard thermodynamic functional parameter(s)
(Gibbs free energy, G) using the inverse Kirkwood−Buff
integrals model (eqs 4 and 5).

x
x x G G

x G x G V

( )
1,3

1 2 1,3 2,3

1 1,3 2 2,3 cor
=

+ + (3)

where

G RT V x V D Q/1,3 T 3 2 2= + (4)

G RT V x V D Q/2,3 T 3 1 1= + (5)

With the correlation volume (Vcor) as shown in eq 6

V r x V x V2522.5 0.1363 ( ) 0.085L L
cor 3 1,3 1 2,3 2

1/3 3= ·{ + · + }
(6)

In eqs 4 and 5, κT represents the isothermal compression of
the binary system calculated as an additive property employing
the explored compositions and κ value indicated for the pure
component. The partial molar volumes of each component of
the binary system were estimated, and these are V1, V2, and V3
for PEG400 (1), water (2), and RST (3), respectively. The
estimated derivative function values of the standard Gibbs free
energy (G) of transfer from water (2) to the binary system
(PEG400 + water) with respective to the same binary system
without the solute (RST as 3) are represented as “D”, as shown

Table 1. Summary of the Solvents for Purity and Source

name source
purity (mass
fraction)

analytical
grade

PEG400a Sigma-Aldrich >0.99 HPLCb

ACNc Sigma-Aldrich 0.989 HPLCb

methanol Sigma-Aldrich 0.988 HPLCb

RST Aurobindo Pharma,
India

>0.98 HPLCb

orthophosphoric
acid

Sigma-Aldrich 0.95 HPLCb

aPEG400 = polyethylene glycol 400. bHPLC = high-performance
liquid chromatography. cACN = acetonitrile. RST = rosuvastatin
calcium.
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in eq 7. Likewise, the second derivative function is represented
as “Q”, as shown in eq 8.
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Eq 9 was used to estimate the molecular radius (r3) of the
solute (RST), and NAv represents the Avogadro number.
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Notably, the Vcor represents the definitive correlation
volume, which depends upon the local mole fraction of each
individual component of the binary system (PEG400 and
water) in the vicinity of the solute. This needs iteration and is
estimated by replacing δx1,3 and Vcor in eqs 2, 3, and 6 to re-
estimate the value of x1,3L until Vcor becomes constant.

2.2.4. Predictive Study Using GastroPlus (Prediction and
Simulation). This is a program-based in silico simulation and
prediction software used for pharmaceutical products (dosage
form) in various animal models (rodents, primates, and
animals). The software uses various models based on drug
characteristics, formulation properties, and biopharmaceutics
of the model drug.17−20 There are several data sets in the input
tab as default values. The program offered three different tabs
such as the compound tab for physicochemical properties of
the model compound, the physiological tab to set the
physiological condition for the outcome, and the pharmaco-
kinetics tab for the pharmacokinetic profile of the drug. These
tabs may need experimental, literature-based, and default
suggested values for the running and optimization process.21

Notably, the program is associated with simulation and
subsequent prediction in the target animal model using the
ADMET (absorption, distribution, metabolism, and excretion)
predictor model. Modeling and simulation studies required
physicochemical and biopharmaceutical properties of RST.
Initially, the physiological-based pharmacokinetic (PBPK)
model has been advanced by incorporating the biopharma-
ceutics-related informative tab for oral products at various
stages of product development in academic and industrial
laboratories, which was later termed as physiological-based
biopharmaceutics modeling (PBBM).22 GastroPlus version 9.6
was employed while developing the PBBM absorption
model.23 GastroPlus uses the advanced compartmental
absorption and transit (ACAT) mechanistic model to predict
intestinal absorption in humans for oral products.24 For this, in
vitro dissolution profile data and in vivo data are required for
predicting in vivo dissolution and in vivo absorption in the
investigated animal or human. Therefore, sufficient pharma-
cokinetic data are required for better simulation and prediction
with a minimum fold error. To predict PK parameters, the
compartmental PK model was used using a single oral dose (20
mg) of RST in the oral IR plasma concentration time profile of
PKPlus for 12 h of simulation and prediction. The program
was run to predict the plasma drug concentration time profile
for the conventional tablet (RST). The prediction was
repeated for the optimized binary mixture (x1 = 0.5) at the
similar experimental condition. Notably, one compartmental

model was the best-fit model based on the Akaike information
criterion (AIC). Moreover, the regional compartmental
absorption model includes nine compartments for oral
absorption.13 These nine compartments are different from
each other in terms of pH, radius, and lumen content
(volume). The software predicts the overall total absorption as
“AmtAbs”. IVIVR stands for in vitro and in vivo relationship in
this model. The regional absorption study was studied to
predict for both of them under similar experimental conditions
(fast human subject of 70 kg).

2.2.5. Statistics Model and Software Tools. The exper-
imentally obtained data were statistically tested employing
“Dennʼs test” and “Kruskal−Wallis analysis”. The prediction
and simulation were carried out using licensed version 9.7 of
GastroPlus (Simulation Plus, Inc., Lancaster, United States of
America) simulation and prediction software-predicted region-
al absorption of RST based on experimental, reported, and by
default input data. A tested value was considered as significant
when the value of p was <0.05. Expedients were repeated
(triplicate) for the mean and standard deviation.

3.0. RESULTS AND DISCUSSION
3.1. Solubility and Related Parameters. RST belongs to

a statin family (super statin), and it contains two oxidrilic

functional groups (linked to an asymmetric C-atom). The
main problem of the compound is poor aqueous solubility
(8.86 × 10−2 g/L as reported in NLM PubChem), which
results in limited absorption from the gastrointestinal tract.2

RST is a poorly soluble drug in water and aqueous system due
to high molecular weight and heterocyclic aromatic rings
(Figure 1A,B). The result of RST solubility in different mass
fractions of the (PEG400 + water) cosolvent system has been
portrayed in Figure 2. The mole fraction solubility values of
RST in pure water (m = 0.0) and neat PEG400 (neat m = 1.0)
were observed as 2.15 × 10−6 and 6.7 × 10−4, respectively, at
298.15 K. Notably, our mole fraction solubility value in neat
water is similar in magnitude to that reported before (as
reported in NLM-PubChem), i.e., 3.32 × 10−6 (calculated
from the value of 8.86 × 10−2 g/L).2 Furthermore, no
solubility value of RST in PEG 400 or in its aqueous mixture
has been reported so far, and therefore, no further comparison
is possible. The mean relative apparent uncertainty in mole
fraction solubility values was 0.02 (2.0%). Overall, mole

Figure 2. Mole fraction solubility of RST (3) as a function of the
Hildebrand solubility parameters of the {PEG400 (1) + water (2)}
cosolvent mixture mass fractions at T = 298.15 K. Mass fractions of
PEG400 are indicated near every point.
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fraction solubility of RST had been found to have linear
dependence on PEG400 content in the studied ratios of the
mixture (Figure 2). Water as a solvent has unique properties
such as high dielectric point (80 at 20 °C), hydrogen bond
forming ability, and high surface tension (71 dyn/cm), whereas
PEG400 structurally possessed several hydroxyl functional
groups responsible for forming hydrogen bonds. These
interaction causes miscibility of PEG400 in water. Thus, the
hydrophilic nature of PEG400 causes a linear increase in the
solubility of RST in the binary system on the relative increase
in the content of PEG400. PEG400 being hydrophilic and a
good cosolvent has been well explored for various
formulations.25 However, its salt (calcium salt of RST) in
the neat solvent has been reported to execute non-linear
dependency in solubility with the increase in temperature.4

Chemically, the drug is a member of pyrimidine, a
sulfonamide, a dihydroxy monocarboxylic acid, and a member
of monofluorobenzene.2

Figure 2 depicts the solubility (δ1+2 as the Hildebrand
parameter) behavior of RST as a function of the polarity of the
binary system “PEG400 + water”. The values of δ1+2 were
individually estimated employing the Hildebrand parameters
for pure PEG400 (δ1 = 24.0 MPa1/2) and pure water (δ2 = 47.8
MPa1/2) followed by estimating the volume fraction in the
same binary system. Notably, the volume fraction was
considered as the volume fraction additivity for mathematical
calculation, as observed in eq 2.26−28 The density (eq 10) of
the investigated binary system was used from the literature
published before by us.29

f
i

i i1 2
1

2

=+
= (10)

Neat PEG400 exhibited maximum solubility of RST over an
entire range of polarity (δ1 = 24.0 MPa1/2), as elicited Figure 2.
It is noticeable that the difference of a solubility parameter (δd,
δp, and δh) between a compound (like RST) and solvent (like
PEG400 and water) (δd of solute − δd of solvent, or δp of
solute − δp of solvent, or δh of solute − δh of solvent) in
Hansen and Hildebrand models dictates miscibility or
immiscibility depending upon the difference value. In general,
a compound is considered to be soluble if the difference comes
near zero or null (difference = 0).27,30 Thus, the δ3 value of
RST in the studied binary system was predicted as 24.0 MPa1/2
for the highest solubility, which is close to the values estimated
from Fedors’ method (Table 2, δ3 = 27.89 MPa1/2). Notably,
the small discrepancy (3.89 MPa1/2) may be attributed to the
specific solvation process not encountered in the Fedors’
method. The present findings may be correlated with the
previous report with a similar pattern of discrepancy for the
solubilization of a synthesized compound in the same system.11

Furthermore, the thermodynamic functional parameters are
important tools to know the mechanisms of drug dissolution
processes. These are standard Gibbs free energy of dissolution
(ΔsolnG°), standard enthalpy of dissolution (ΔsolnH°), and
standard entropy of dissolution (ΔsolnS°). In general, the
negative value of ΔsolnG° indicates the spontaneous dis-
solution/mixing process of the solute in the mixture. Similarly,
negative and positive values of enthalpy indicate endothermic

Table 2. Hildebrand Solubility Parameters (δ3) of RST
Using Fedors’ Method (Internal Energy as ΔU° and Molar
Volume as V°)

functional group number ΔU°/kJ·mol−1 V°/cm3·mol−1

−CH3 4.0 18.84 134
−CH2− 2.0 9.88 32.2
>CH− 3.0 10.29 −3.0
−CH� 2.0 8.62 27.0
>C� 4.0 17.24 −22.0
phenylene 1.0 31.90 52.4
ring closure > 5 1.0 1.1 16.0
conj. double bond 4.0 6.68 −8.8
−F 1.0 3.35 18.0
−OH 2.0 59.6 20.0
−COOH 1.0 27.6 28.5
>N− 1.0 4.2 −9.0
−N� 2.0 23.4 10.0
−SO2− 1.0 25.55 19.5

Σ 246.53 317.0
δ3=(246.53/317.0)1/2=27.89M-
Pa1/2

Table 3. Few Apparent Thermodynamic Properties of RST in the {PEG400 (1) + Water (2)} Cosolvent Mixture at 298.15 K
and Pressure (p) = 0.1 MPad

w1
a f1

a x1
a x3

c δ1+2
b ΔsolnG°/kJ·mol−1c

Gtr 3,2 1 2
o

+ /
kJ·mol−1c

0.00 0.0 0.0 2.15 × 10−6 47.8 32.36 0.00
0.10 0.0898 0.0050 5.63 × 10−6 45.66 29.97 −2.39
0.20 0.1817 0.0111 8.92 × 10−6 43.48 28.83 −3.53
0.30 0.2757 0.0189 1.97 × 10−5 41.24 26.86 −5.49
0.40 0.3719 0.0292 5.27 × 10−5 38.95 24.42 −7.93
0.50 0.4704 0.0431 6.59 × 10−5 36.60 23.87 −8.49
0.60 0.5713 0.0633 7.91 × 10−5 34.20 23.42 −8.94
0.70 0.6745 0.0951 9.75 × 10−5 31.75 22.90 −9.46
0.80 0.7804 0.1527 1.39 × 10−4 29.23 22.02 −10.34
0.90 0.8888 0.2885 1.97 × 10−4 26.65 21.15 −11.20
1.00 1.0 1.0 6.70 × 10−4 24.0 18.12 −14.24

aw1, f1, and x1 are the mass, volume, and mole fractions of PEG 400 (1) in the {PEG 400 (1) + water (2)} mixtures free of RST (3). Volume
fractions of PEG400 were calculated assuming additive behavior from density values reported by Rodriguez et al.29 bδ1+2 is the Hildebrand
solubility parameter of {PEG 400 (1) + water (2)} mixtures free of RST at 298.15 K. cx3 is the mole fraction solubility of RST. dStandard
uncertainties u are u (T) = 0.02 K for temperature and u (p) = 0.001 MPa for pressure with 0.95% level of confidence. x3 = mole fraction solubility
at standard uncertainties u of u (T) = 0.02 K for temperature and u (p) = 0.001 MPa for pressure with 0.95% level of confidence.
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and exothermic solubilization/miscibility/mixing/dissolution
processes, respectively.30 A summary of ΔsolnG° of RST in the
binary system (at all mass fraction) is calculated using eq 11
(Table 3).

G RT xlnsoln 3° = (11)

It is clear from Table 3 that the negative values of ΔsolnG°
(all mixture ratio) and free energy transfer ( Gtr 3,2 1 2

o
+ ) from

water to PEG-containing mixtures suggested the spontaneous
dissolution process of RST at the explored temperature.
Furthermore, the value of Gibbs free energy is encouraging
{low +ve value (18.12 kJ·mol−1) in pure PEG400} for assisted
dissolution/solubilization of RST owing to the increased
amount of PEG400 in the progressive proportion.

Table 4. Various Calculated Parameters of RST-Related PS in the Explored Binary system{PEG400 (1) + Water (2)} (298.15
K and p = 0.1 MPa)a

x1
b D/kJ·mol−1 G1,3/cm3·mol−1 G2,3/cm3·mol−1 Vcor/cm3·mol−1 100 δx1,3

0.00 −328.34 −2707.6 −313.7 1163 0.00
0.05 −31.52 −488.9 −491.2 1589 0.01
0.10 −9.90 −358.4 −412.8 1980 0.31
0.15 −10.32 −353.1 −458.2 2343 0.71
0.20 −9.89 −346.4 −492.0 2680 1.05
0.25 −8.96 −339.9 −513.6 2997 1.29
0.30 −7.95 −334.6 −529.0 3297 1.45
0.35 −7.01 −330.5 −542.0 3585 1.54
0.40 −6.19 −327.6 −554.7 3863 1.60
0.45 −5.48 −325.4 −568.4 4133 1.64
0.50 −4.88 −323.8 −584.0 4396 1.65
0.55 −4.36 −322.8 −601.8 4652 1.64
0.60 −3.92 −322.0 −621.8 4901 1.61
0.65 −3.54 −321.5 −643.4 5144 1.55
0.70 −3.21 −321.0 −664.5 5379 1.46
0.75 −2.92 −320.4 −682.1 5607 1.31
0.80 −2.67 −319.6 −691.4 5827 1.09
0.85 −2.45 −318.5 −687.6 6039 0.83
0.90 −2.26 −317.0 −668.0 6246 0.54
0.95 −2.08 −315.3 −633.9 6447 0.25
1.00 −1.93 −313.7 −590.9 6645 0.00

aStandard uncertainties u are u (T) = 0.02 K for temperature u (p) = 0.001 MPa for pressure with 0.95% level of confidence. bx1 is the mole
fraction of PEG 400 (1) in the {PEG 400 (1) + water (2)} mixtures free of RST (3).

Figure 3. Gibbs energy of transfer of RST (3) from neat water (2) to
{PEG 400 (1) + water (2)} mixtures at 298.15 K.

Figure 4. Values of δx1,3 of RST (3) in {PEG 400 (1) + water (2)}
mixtures at 298.15 K.

Table 5. Various Input Parameters Related to RST for
GastroPlus-Based Predictive and Simulation Studies in
Humans

s.
no required input parameters values

1 chemical formula of RST C22H28FN3O6S
2 hydrogen-bonding donor counts 3
3 hydrogen-bonding acceptor counts 10
4 molecular weight (g/mol) 481.5
5 log P (−COOH) 0.13
6 pKa 4
7 melting point (°C) 173−184
8 experimental solubility (mg/mL) in PEG400 at 25

(°C)
6.5

9 solubility (mg/mL) in water at 25 (°C) 0.33
10 dose (mg)d20 40.0
11 dosing volume (mL) 250
12 apparent permeability (cm/s)a17 4.87 × 10−4

13 total clearance (L/h)c19 0.455
14 volume of distribution (L/kg)b18 2.23
15 elimination half-life (h)d20 19
16 protein binding capacity (%)b18 88
17 body weight as input parameter (kg) 60
18 simulation run time (h) 12
aReference 17. bReference 18. cReference 19. dReference 20.
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3.2. Preferential Solvation. The result of PS parameters
has been illustrated in Tables 3 and 4. The values of

Gtr 3,2 1 2
o

+ (the Gibbs energy transfer) of RST from neat
water (2) to the {PEG400 (1) + water (2)} mixtures are
summarized in Table 3, and Gtr 3,2 1 2

o
+ behavior has been

exhibited in Figure 3 at 298.15 K. Table 3 shows the values of
Gtr 3,2 1 2

o
+ , and these were found to be in the range from

−2.39 to −14.24 kJ·mol−1, estimated from Table 3 (mole

fraction solubility data of RST). It is quite clear that the
negative values of Gtr 3,2 1 2

o
+ were regularly increasing with

an augmented proportional increment of PEG400 in the
(PEG400 + water) binary system. So, the highest −ve
(negative) value of Gtr 3,2 1 2

o
+ of RST from water (2) to

the (PEG400 + water) binary system was found as −11.2 kJ·
mol−1 (Table 3). The value of Gtr 3,2 1 2

o
+ in pure PEG400

was achieved to be about 1.27 times greater than the same

Figure 5. In silico prediction using GastroPlus: (a) plasma-drug concentration in humans, (b) dissolution-absorption of the RST-IR tablet, and (c)
regional absorption after RST tablet delivery when dosed 20 mg (feeding solubility value as 0.33 mg/mL as the input parameter).
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parameter calculated at w1 = 0.9 (x1 = 0.2885). The values of
Gtr 3,2 1 2

o
+ were calculated by eq 12.

i
k
jjjjj

y
{
zzzzzG RT

x

x
lntr 3,2 1 2

o 3,2

3,1 2
=+

+ (12)

Furthermore, the values of Gtr 3,2 1 2
o

+ were correlated to
the coefficient of the model, as illustrated in eq 13. These
calculated coefficients have been calculated as a = −0.21, b =

4.77, c = −329.3, d = 863.9, e = −4043.0, f = 31.62, and g =
−53,024, with a regression coefficient (r2) value of 0.995,
typical error = 0.46, and F = 138.4.

G
a cx ex gx

bx dx fx1tr 3,2 1 2
o 1 1

2
1
3

1 1
2

1
3=

+ + +
+ + ++

(13)

Thus, the values of D are presented in Table 4. Additionally,
other input parameters (V1, V2, RT·κT, and Q) have been

Figure 6. GastroPlus-based prediction of (a) plasma-drug concentration in humans, (b) dissolution and absorption of the RST-IR tablet, and (c)
regional absorption after RST tablet delivery when dosed 20 mg (feeding solubility value as 0.33 mg/mL as the input parameter).
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employed from our reported values for the same binary system
{PEG400 (1) + water (2)} studied before.31 The calculated
molar volume of RST was 314.8 cm3·mol−1 (Table 2), using
Fedors’ method.32 It is noteworthy that the values of G1,3 and
G2,3 were negative in all compositions and suggested a good
affinity of RST with both solvents (PEG400 and water). This
might be due to hydrogen boding of the drug with water and
facilitated interaction by PEG400 working as the cosolvent
with water. This may be correlated with a high number of
hydrogen bond acceptor counts (total 10) in RST responsible
for hydrogen bond formation for improved RST solubility in
the mixture. This may be rationalized based on the increasing
content of PEG400 (relative content of PEG400 + water
mixture) in the mixture and subsequent progressive increment
in the Gtr 3,2 1 2

o
+ value of RST from neat water to the binary

system (Table 3). The value of Gtr 3,2 1 2
o

+ of RST in neat
PEG400 was comparatively maximum than any composition of
the system.

The value of RST radius (r3) was calculated from eq 10, and
it was found as 0.5 nm. The value of Vcor was iterated (n = 3)
in eqs 2, 3, and 6, and values are shown in Table 4. In Table 4,
the PS parameter(s) of RST (3) by PEG400 are presented and
represented as δx1,3.

Figure 4 and Table 4 show the values of δx1,3 of RST (3)
changing nonlinear as the proportion of PEG400 increases in
the binary system. Moreover, adding PEG400 (1) into water
(2) causes positivity of δx1,3 values of RST (3) from x1 = 0.0
(pure water) to 1.0 (pure PEG400) in all explored
composition ratios. Considering the above parameters, the
local mole fraction of PEG400 (1) in the vicinity of RST (3) is
substantially higher than the value in the bulk mixture free
from RST. It is obvious that the highest positive value of δx1,3
was attained at x1 = 0.5 (δx1,3 = 1.65 × 10−2) which
corroborated the tangible PS effects of PEG400 molecules on
RST.33,34 The drug is a conjugate Lewis acid of RST (1−), and
it is derived from hept-6-enoic acid. The increased solubility of
RST by PEG400 might be attributed to hydrogen-bond
formation preferentially over solute−solvent polar interactions,
decreased surface tension, improved wettability by PEG400,
and other factors. Recently, Vemuri and Lankalapalli improved
RST solubility using amino acids through hydrogen-bonding
interaction for co-crystal formation.35 Additionally, RST
possessed the carboxylic functional group which may impart
surface propensity (surface behavior) of the aqueous solution
and binary system for the air/water interface by reducing
surface tension to some extend at explored temperature.36

There are several factors responsible to influence surface
(surface propensities) behavior of molecules bearing carboxylic
groups such as (a) molecular size, (b) saturation and
unsaturation in the compound, (c) hydrophobicity/hydro-
philicity, (d) molecular density, (e) number of carboxylic
groups in the molecules, (f) strength of interaction (weak
surface propensity due to strong interaction via three hydrogen
bonds in citric acid compared to oxalic acid), and (g)
orientation of molecules at the surface/interface.36 Mahiuddin
et al. investigated that stronger hydrophobic characteristics of a
molecule and its orientation at the surface/interface due to
unsaturation (−C�C− in maleic acid compared to succinic
acid) led to weak capability to form firm H-bonds with water.36

There may be a relative competition between hydrophilic and
hydrophobic interactions of the charged functional group
(−COO−) and flexible aliphatic part of the molecule, resulting

in conformation changes in the large solvated cluster.
Furthermore, the molecular size difference also results in
varying degrees of solvation behavior (smaller molecule
preferably solvated in the bulk as compared to the larger
one).37,38 Thus, RST may have surface propensity due to the
hydrophobic moiety and polar side chain for reduced surface
tension in water as an additive effect which can be explored in
detail at varied molar concentration.

Moreover, RST has 3 and 10 H-bond donor counts and H-
bond acceptor counts, respectively, which suggested facilitated
interaction with PEG400 for improved solubilization with the
progressive increase of PEG400 content in each mixture ratio.
Aryafard et al. reported that the solubility of compounds
(probes) depends upon the functional groups and the number
of benzene rings present in the compound. Moreover, authors
exemplified that nitrobenzene (no hydrogen bond acceptor/
donor counts) is neither soluble in water nor in ethanol (short-
chain alkyl alcohol), whereas aniline (−NH2 as hydrogen bond
acceptor/donor counts) is freely soluble in both solvents. This
was rationalized based on the number and type of hydrogen
donor/acceptor counts.39 Moreover, PEGs have both hydro-
philic and hydrophobic character as either liquid or solid melt
depending on the molecular weight and considered as a good
cosolvent for the compound possessing hydrogen bond
acceptor/donor groups (counts) as observed in RST.39,40

Thus, improved solvation behavior of PEG 400 may be
prudent to correlate with the present functional groups in RST
responsible to form hydrogen bonding in the binary mixture
(PEG400 + water). Alshora et al. reported that the solubility of
RST salt (calcium salt) exhibited a non-linear progressive
increment with the increase in temperature in propylene glycol,
ethylene glycol, ethanol, butanol, and isopropyl alcohol.4

3.3. GastroPlus-Based Simulation and Prediction.
Considering experimental solubility data of the drug,
PEG400 was found to have good solubility as compared to
others. Therefore, PEG400 was selected as a good cosolvent
for the binary mixture. PS study confirmed a convincing impact
of PEG400 in the binary mixture for maximum RST solubility.
For oral, parenteral, and subcutaneous drug delivery, it is
mandatory to formulate an aqueous formulation. It must be
soluble and stable in the aqueous system for successful in vivo
performance after administration. The ratio “x = 0.5” was
selected to predict in vivo performance using the GastroPlus
program. The program assisted industries for reduced
developmental cost, product development timeline, and clinical
burden. Therefore, we used in vitro data, literature data, and
by-default values for predicting in vivo performance (oral
administration) of the binary construct in the human body at
fast conditions.

From the reported literature, several physicochemical
properties of RST, compound-related input parameters
(solubility, log P, pKa, particle density, apparent permeability
coefficient, and pH), dosage form (IR tablet for oral delivery,
dose, and dosing frequency), and pharmacokinetics input
parameters (area under the curve as AUC, maximum plasma
concentration as Cmax, and the time required to attain Cmax as
Tmax) for the RST-loaded IR (immediate release) tablet were
fed in the respective tabs. Similarly, the studied data were used
to compare between the conventional RST tablet and RST
loaded in the (PEG400 + water) cosolvent mixture system at
x1 = 0.5, keeping rest of the parameters unchanged. All of the
required input parameters are summarized in Table 5.19
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The GastroPlus program predicted plasma-drug concen-
tration, in vitro dissolution in physiological medium,
compartmental absorption of RST from nine different
intestinal segments of humans for the oral conventional dosage
form possessing poor aqueous solubility (0.33 mg/mL), and
RST dissolved in (PEG400 + water) the cosolvent mixture
system (4.14 mg/mL). Thus, the program permits us to
investigate improved in vivo performance of RST containing
the (PEG400 + water) mixture than the conventional dosage
form in humans.41 In general, poor aqueous solubility of a drug
results in a slow dissolution process and subsequently low oral
bioavailability. The present study aimed to increase RST
solubility using biocompatible PEG400 as a cosolvent which
may augment oral absorption and bioavailability in a normal
healthy human (70 kg). Figure 5A illustrates a predicted value
(0.87 μg/mL) of RST-plasma concentration after oral delivery
of 20 mg of the RST tablet (selecting immediate release in tab)
to a human subject of 70 kg body weight, whereas 16.5 mg of
RST was predicted to be absorbed within 4 h, as shown in
Figure 5B. However, this value is significantly different from
real absorption of the commercial RST tablet, as reported in
the literature.19 This difference can be correlated with poor
aqueous solubility and physicochemical properties of the drug
responsible to be degraded in gastric lumen.41 The drug is
acidic in nature due to bearing the carboxylic functional group,
and the pKa value is 4.0 (Table 5). In vitro dissolution behavior
of RST and predicted in vivo absorption established as good
IVIVR, as illustrated in Figure 5C in terms of percent drug
absorption from different regions.41 It is quite clear that the
major site of the drug absorption is the upper portion of GIT
such as duodenum, jejunum, and ileum. The total percent of
the drug administered predicted drug absorption as 15.4, 47,
and 16.1% from duodenum, jejunum, and ileum, respectively.
This may be due to the unionized form of the drug in this pH
range of human intestine. Moreover, total drug absorption of
the drug from an IR tablet was predicted to be approximately
86%. However, this value was predicted as 26% (not shown
here) when RST suspension is taken in the software tab, which
is a quite approximate value of the reported oral bioavailability
(∼20%) in the literature.3 For comparison with RST loaded in
the PEG400 + water cosolvent mixture system, similar
prediction study was performed, and the results are presented
in Figure 6A−C. Figure 6A illustrates a predicted value (1.2
μg/mL) of RST-plasma concentration after oral delivery of the
RST-loaded (PEG400 + water) cosolvent mixture (selecting
IR solution in tabs) to a human subject of 70 kg body weight
where 19.0 mg of RST was predicted to be absorbed within 1.5
h, as shown in Figure 6A,B. Thus, absorbed RST (19 mg)
within the reduced time period (1.5 h) than tablet formulation
suggested that increased solubility/miscibility/drug dissolution
of RST by the PEG400-mediated PS phenomenon could be an
encouraging strategy for increased drug absorption and
subsequent improved oral or subcutaneous bioavailability.19

There is no observed lag time of the drug dissolution and
absorption due to the IR product {(PEG400 + water) mixture
as the solution form} in both cases. Figure 6C reveals relatively
higher percent drug absorption (95.5%) as compared to the IR
tablet (87%) and RST suspension (26%) (not given here).21

Conclusively, RST solubilization in the (PEG400 + water)
binary system can be considered as a suitable carrier for safe
delivery to control DM.

4. CONCLUSIONS
RST is a poorly water-soluble hypolipidemic agent with low
oral bioavailability. Several approaches have been implemented
to improve its solubility and dissolution for increased
absorption. Most of them are nanocarrier-based drug delivery
systems employing large concentrations of surfactant and co-
surfactant. The present study addressed the mechanistic
perspective in terms of solubility parameters occurring in the
drug solubilization/dissolution processes using PEG400 in the
(PEG400 + water) cosolvent mixture. Chemically, RST is a
conjugate acid of RST (1−) and possessed a carboxylic acid
moiety. RST contains 10 as the H-bond acceptor count (as
described before) and is expected to form hydrogen bonding
with water and PEG400-mediated increased PS. Therefore, it is
quite simple to explain the PS phenomenon using the
Hildebrand model of RST by PEG400 in the binary system.
The finding suggested that the values of Gtr 3,2 1 2

o
+ of RST

by PEG400 from water (2) to the binary system were observed
to be decreased on increasing the content of PEG400 in the
same binary system. Furthermore, the +ve (positive) values of
δx1,3 corroborated the PS of RST by PEG400 in the “PEG400
+ water”. Additionally, GastroPlus-based ACAT and PKPlus
models were quite fit for simulation and prediction for in vivo
performance of the RST-loaded (PEG400 + water) binary
system as compared to RST conventional tablet. The program
is good for predicting in vivo performance of the developed
product using experimental and literature-based information to
reduce the burden of clinical studies (an alternative strategy for
the oral product).
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