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a gliclazide ionic liquid and its
mesoporous silica particles: an effective
formulation strategy to improve oral absorption
properties†
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Minghuang Hong *a and Guo-Bin Ren *ac

Ionic liquid (IL) technology provides a useful platform to enhance the oral absorption of therapeutic agents.

In the present work, gliclazide (GLI), a second-generation sulfonylurea drug was transformed into an IL with

tetrabutylphosphonium. The physicochemical properties of this IL were systematically characterized by

DSC, TGA, FT-IR, NMR, and HPLC. For the further preparation development, a solution stability test was

conducted. GLI-based IL could improve the solution stability in a neutral environment. To assess oral

potential, the solubility characteristics including equilibrium solubility, 24 h kinetic saturation solubilities

and supersaturation profiles were first explored. Significant enhancement of solubilities, supersaturation

ratio and duration of supersaturation was found for the synthesized IL. Computational methodology was

utilized to better understand the improved solubility results. From the simulated results, [TBP][GLI]

showed a longer time period when the distance between cation and anion was far above the baseline

and a higher deviation degree, indicating less stable ion pairs of [TBP][GLI] in an aqueous environment

and it being easy for the cation and anion to tear apart and form interactions with water molecules. The

prepared [TBP][GLI] exhibited intestinal transportation ability and safety as evidenced by the in vitro

gastrointestinal tract artificial membrane permeability assays (GIT-PAMPA) and cytotoxicity experiments

with Caco-2 cells. A mesoporous carrier, AEROPERL® 300 Pharma, was chosen to load the IL and then

encapsuled into enteric capsules. The prepared oral capsules containing GLI-based IL loaded

mesoporous silica particles released fast and could realize 100% release within 60 min.
1. Introduction

As one of the four major diseases, diabetes mellitus seriously
threatens the health of residents around the world. Type 2
diabetes (T2D) is increasingly recognized as a highly heteroge-
neous disease, including individuals with varying clinical
characteristics, disease progression, drug response, and risks of
complication.1,2 Therefore, methods to treat diabetes mellitus,
especially those for type 2, are very crucial in future health
policies.
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As a second-generation sulfonylurea, gliclazide (GLI) can
stimulate the pancreatic b-cells to secrete insulin and then
lower the blood glucose level.3 Besides, this drug has benecial
extrapancreatic effects including antiplatelet, antiradical and
antioxidant effects.4 GLI was recommended by the World
Health Organization (WHO) as one of the drugs in the diabetes
section of the essential medicines list for people aged over 60
years in 2014.5 However, as a Biopharmaceutics Classication
System (BCS) class II drug, GLI has low aqueous solubility,
especially in acidic solution. This property may reduce its
absorption vial oral administration and restrict its bioavail-
ability.6 Various techniques including micronization,7

complexation with b-cyclodextrin,8 coamorphization,9 solid
dispersion10 and co-crystal formation11–13 have been conducted
aiming to improve the solubility of GLI. However, all these
techniques generally have some limitations such as complexity,
polymorphism and instability. Moreover, this sulfonylurea
hypoglycaemic agent tends to degraded by hydrolysis, oxidation
and photolysis,14 and two degradation products were found in
strong acidic medium.3 To the best of our knowledge, no paper
to solve the stability problem of GLI have been reported.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ionic liquids (ILs) are organic compounds solely made of
ions to form salts with melting points below 100 �C.15,16 IL
technology has attracted emerging interest in pharmaceutical
research since the concept of active pharmaceutical
ingredients-ionic liquids (API-ILs), in which API was used as
cation or anion or both, was rst proposed by Rogers in 2007.17

The technological utility of APIs is greatly enhanced when they
are transformed into ILs. In comparison to solid drugs, API-ILs
may avoid polymorphism,18 exhibit higher solubility,19,20 higher
permeability,21 and better thermal stability.18 As far as we are
concerned, about 40% of marketed drugs have low solubility
problems.22 Except for solubility enhancement, the API-ILs may
also lead to a faster dissolution rate, longer supersaturation
duration of API, or increased amount of absorption as
compared to the API.23 This provided a new method to solve the
solubility issue of BCS class II drugs. The solubility of ibu-
profenate ILs containing L-valine alkyl ester was over 40 times
higher compared with the parent drug.24 The API-ILs of indo-
methacin with DBU, DMEA, DABCO and TMG showed really
high aqueous solubility (5 000 000 times higher than the free
drug).25 In these papers, the increased solubility was only
attributed to the amorphous structure of API-ILs. Further
mechanism research was le to better understand the intrinsic
nature of solubility improvement and the role of API-ILs played.

Although ILs have many potential advantages, they are
difficult to handle during pharmaceutical manufacturing.
Turning the liquid form drugs into solid form is an enormous
challenge when considering oral route of drug administration.
There are some carrier materials including Fujicalin®, Neu-
silin® and Aerosil® which can be used to address this chal-
lenge.26,27 Limited attempt was tried to choose AEROPERL® 300
Pharma, a porous granulated form of colloidal silicon dioxide
with good processability and high porosity introduced by Evo-
nik, as an absorbent for the development of liquid active
pharmaceutical ingredients such as API-ILs based oral solid
product.28 Few literatures on pharmaceutical preparation
studies of API-ILs to further validate its value of oral clinical
application have been found.

Up till now, only one kind of gliclazide-based ionic liquid
was prepared by us in the previous report29 and no literatures on
transforming GLI into ionic liquids to improve its oral absorp-
tion has been reported. In the present study, another kind of
gliclazide-based ILs was successfully prepared for the rst time.
The structure of this IL was identied by thermal analysis,
powder X-ray diffractometry (PXRD) analysis, Fourier transform
infrared spectroscopy (FT-IR) and nuclear magnetic resonance
spectrometer analysis (NMR). The solubility characteristics
including equilibrium solubility, 24 h kinetic saturation solu-
bilities and supersaturation proles were measured. Computa-
tional methodology was used to study the structure of the IL and
better understand the experimental results. In vitro gastroin-
testinal tract articial membrane permeability assays (GIT-
PAMPA) and cytotoxicity experiments against Caco-2 cell were
conducted to consider the permeability and the potential
gastrointestinal tract toxicity. Then IL-loaded mesoporous silica
particles using AEROPERL® 300 Pharma were prepared and
systematically characterized. Finally, PCcaps size 9 capsules
© 2022 The Author(s). Published by the Royal Society of Chemistry
were used to carry the particles. In vitro dissolution tests were
conducted to determine the dissolution properties of this
formulation.

2. Materials and methods
2.1 Materials

Gliclazide (GLI) was purchased from Shanghai Macklin
Biochemical Co., Ltd (Shanghai, China) with purity greater than
98%. Tetrabutylphosphonium (TBP) hydroxide solution (40% in
water, v/v) and tributyl(tetradecyl)phosphonium (P6,6,6,14) chlo-
ride were purchased from TCI (Shanghai) Development Co., Ltd
(Shanghai, China) with purity greater than 99% and 97%
respectively. Ultrapure water (resistivity ¼ 18.2 MU cm) was
prepared using a Merck Millipore Ming Che D24 UV system
(Darmstadt, Germany). AEROPERL® 300 Pharma, was kindly
donated by Evonik China Inc. (Shanghai, China). Hard gelatine
capsules (PCcaps size 9) were purchased from Suzhou Capsugel
Co., Ltd (Suzhou, China). All the rest chemicals and reagents
were at least of analytical grade and used without further
purication.

2.2 Preparation of gliclazide-based ionic liquids

2.2.1 Gliclazide tetrabutylphosphonium ionic liquid ([TBP]
[GLI]). GLI (200 mg, 0.62 mmol) was suspended in 10 ml ethyl
acetate. An equimolar amount of tetrabutylphosphonium
hydroxide was added and stirred overnight until a clear solution
was obtained. Solvents were evaporated at 60 �C, 300 mbar and
then dried under vacuum at 40 �C for 72 h to give a clear pale
yellow viscous liquid. The yield was 90.33%. 1H-NMR (CDCl3):
d (ppm): 7.78 (d, J¼ 8.0 Hz, 2H), 7.09 (d, J¼ 7.9 Hz, 2H), 3.01 (t, J
¼ 8.1 Hz, 2H), 2.51–2.39 (m, 2H), 2.29 (s, 3H), 2.24–2.06 (m, 8H),
1.93 (s, 2H), 1.60–1.47 (m, 4H), 1.42 (dh, J ¼ 7.4, 3.6 Hz, 16H),
1.36–1.27 (m, 2H), 0.96–0.81 (m, 12H).

2.2.2 Gliclazide tributyl(tetradecyl)phosphonium ionic
liquid ([P6,6,6,14][GLI]). [P6,6,6,14][GLI] was prepared according to
our previous report.29 In brief, [Na][GLI] (200 mg, 0.58 mmol)
was suspended in 10 ml acetone, and an equimolar amount of
the tributyl(tetradecyl)phosphonium chloride was added. The
mixture was stirred overnight until a clear solution was ob-
tained. The solvent was removed under vacuum. The colorless
viscous residue was redissolved in 10 ml dichloromethane and
washed with distilled water to remove any residual sodium
chloride (monitored by the silver nitrate test). The organic
phase was separated, the solvent was removed under vacuum
and was further dried under vacuum at 40 �C for 72 h to give
a clear pale yellow viscous liquid. The yield was 91.46%. 1H-
NMR (CDCl3): d (ppm): 7.84 (d, J ¼ 6.4 Hz, 2H), 7.11 (d, J ¼
7.6 Hz, 2H), 3.10 (t, J ¼ 7.5 Hz, 2H), 2.51–2.40 (m, 2H), 2.32 (s,
3H), 2.26 (dt, J ¼ 15.6, 7.6 Hz, 8H), 2.17 (s, 2H), 1.71–1.35 (m,
24H), 1.35–1.15 (m, 33H), 0.89 (dq, J ¼ 7.2, 4.2, 3.0 Hz, 12H).

2.3 Characterization

2.3.1 Powder X-ray diffraction (PXRD). The PXRD patterns
were obtained using an Ultima IV XRD system (Rigaku, Tokyo,
Japan) with Cu Ka radiation operated at 40 kV and 40 mA over
RSC Adv., 2022, 12, 1062–1076 | 1063
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a range of 2q angles from 5� to 45� with an angular increment of
20� min�1. The data was collected and analyzed using MDI jade
6.5 soware (Bruker AXS Inc., Madison, WI, USA).

2.3.2 Modulated differential scanning calorimetry (M-
DSC). M-DSC experiments were carried out on a DSC instru-
ment (Q2000, TA Instruments, Wilmington, DE, USA). Samples
weighing 1–3 mg were heated in sealed aluminium sample pans
from �70 �C to 100 �C at a heating rate of 1 �C min�1. The
modulation period was 60 s.

The Tg values were taken as the temperature at the midpoint
of the glass transition region. The M-DSC data were analyzed
using TA Universal Analysis soware (TA instruments, Dela-
ware, USA).

2.3.3 Thermogravimetric analysis (TGA). TGA was per-
formed using a TGA instrument (Q500, TA Instruments, Wil-
mington, DE, USA) with a platinum sample pan at a heating rate
of 10 �C min�1 under a nitrogen stream. The onset (T5% onset)
temperatures, dened as the temperatures at which 5% of
weight loss was obtained using TA Universal Analysis soware
(TA instruments, Delaware, USA).

2.3.4 Volumetric Karl Fisher titration (KF). The water
content of all samples was chemically quantied by volumetric
Karl Fisher titration. The measurements were performed with
a V20 apparatus (Mettler-Toledo International Inc., Zurich,
Switzerland). Approximately 1.00 g of sample was added in
a titration vessel. The KF reagent was titrated into the vessel.
The water content was then calculated.

2.3.5 Fourier transform infrared spectrophotometer (FT-
IR). An Agilent FT-IR spectrophotometer (Cary 630, Agilent
Technologies, Santa Clara, CA, USA) in attenuated total reec-
tance mode was used to obtain IR spectra. All samples were
tested in the range of 4000–400 cm�1 with 64 scans at a resolu-
tion of 4 cm�1. Agilent Microlab soware was used to analyze
the IR spectra of all samples.

2.3.6 Nuclear magnetic resonance (NMR). All samples were
dissolved in deuterated chloroform (CDCl3) and 1H NMR
spectra were collected on a Bruker Avance III 500 MHz spec-
trometer (Bruker GmbH, Germany) at 298 K. For the NOESY
study, the mixing time was set to 0.2 s, and a relaxation delay of
3 s was used between scans. All the NMR data were processed
using MestReNova 9.0 soware (Mestrelab Research S.L.,
Spain).

2.3.7 Density and viscosity. The density and viscosity were
measured using the vibrating tube densimeter (Anton Paar,
DMA 5000M) and the rotating cylinder viscometer (Anton Paar,
Stabinger SVM 3000) respectively. The sample temperatures
were maintained within �0.01 K at most. The expanded
uncertainties for the densities and viscosities were �0.1 kg m�3

and �2% respectively.
2.3.8 High performance liquid chromatography (HPLC).

An HPLC method was established according to our previous
report29 with a Agilent 1260 system (Agilent Technologies, Cal-
ifornia, USA). GLI IL was separated by a reverse phase C18
column (5 mm, 250 mm� 4.6 mm) and detected at 235 nm. 55%
mobile phase A (methanol), 10% mobile phase B (acetonitrile)
and 35% mobile phase C (phosphate buffer adjusted to pH 3.5
� 0.2) over 15 min were applied at the ow rate of 1.0 ml min�1.
1064 | RSC Adv., 2022, 12, 1062–1076
The column temperature was set at 35 �C. The injection volume
was 20 ml.

2.4 Solution stability assay

The solution stability of GLI and [TBP][GLI] were investigated in
four different media including 0.1 M HCl solution (pH 1),
phosphate buffer saline (PBS 7.4), simulated gastric uid (SGF)
and simulated intestinal uid (SIF), which cover the entire GI
tract pH in both fasted and fed state according to the previous
report.30 Briey, GLI and [TBP][GLI] were added to 100ml media
to give a GLI concentration of 20 mg ml�1, respectively. The
resulting solutions were maintained at 37 �C. Samples (0.5 ml)
were taken at specied time intervals (0, 1, 2, 3, 4, 6, 8, 10, 12, 24
h) and analyzed by HPLC. Tests for [P6,6,6,14][GLI] ionic liquid
were not conducted because of its limited solubility in some of
the chosen buffer solutions.

2.5 Partition coefficients determination

The partition coefficients of [TBP][GLI], [P6,6,6,14][GLI] and GLI
were determined by a shake-ask method, described in the
Organization for Economic Co-operation and Development
(OECD) guidelines.21 Firstly, two bottles charged with sufficient
ultrapure water in n-octanol and sufficient n-octanol in ultra-
pure water were placed in a thermostat shaker for 24 h, and
through standing 72 h to separate obtained mutually saturated
two phases. Then, approximately 5 ml of water saturated in n-
octanol was added to a 10 ml glass vial, the same volume of 1-
octanol saturated in water (containing [TBP][GLI]) was added
carefully to the vial, to prevent the emulsication of solutions.
Next, the vials were placed in shaker, kept under the tempera-
ture at 37.0� 0.3 �C and stirring at 200 rpm for 24 h to reach the
equilibrium. Subsequently, both samples were centrifuged to
ensure the complete phase separation. Finally, the concentra-
tion of GLI in the octanol phase and water phase were deter-
mined by HPLC, and log P could be then calculated.

The aqueous solution was replaced by 0.01 M phosphate
buffer saline (PBS 7.4), which was carried out to determine the
distribution coefficients at pH values of 7.4 (log D7.4). The
remaining steps were consistent with the steps for determining
log P.

2.6 Solubility characteristics

2.6.1 Measurement of equilibrium solubility. An excess
amount of GLI, [TBP][GLI] and [P6,6,6,14][GLI] were added to 3ml
Milli-Q water in vials, respectively. The obtained slurry was put
in a shaker incubator equipped with a temperature controlling
system. The speed of the shaker was set at a constant rate of
250 rpm, and the temperature was maintained at 37.0 � 0.3 �C.
Aer 24 h, the samples were centrifuged at 12 000 rpm for
10 min. The supernatants were ltered through 0.22 mm cellu-
lose acetate membrane and then analyzed by HPLC. The
concentration of GLI in each sample was quantied according
to a calibration curve (R2 $ 0.999). All the samples were
prepared in triplicates.

Similarly, the solubility of GLI-ILs and GLI in PBS 7.4, SGF,
SIF, blank FaSSIF, FaSSIF, blank FeSSIF and FeSSIF was also
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07499g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 9
/8

/2
02

4 
8:

27
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
measured, respectively. These media were prepared according
to the previous reports.31,32

2.6.2 24 h kinetic saturation solubilities. The 24 h kinetic
solubilities of GLI and [TBP][GLI] were determined in Milli-Q
water, PBS 7.4, SGF, SIF and FaSSIF, respectively. The proce-
dure for this testing was similar with measurement of equilib-
rium solubility described in Section 2.6.1 except for the
sampling protocols. At 15 min, 45 min, 2 h, 4 h, 6 h, 10 h, 12 h
and 24 h (for SGF, 1 min, 5 min, 10 min, 30 min were added),
150 ml of samples were withdrawn and centrifuged at
12 000 rpm for 10 min. The supernatants were ltered through
0.22 mm cellulose acetate membrane and then analyzed by
HPLC.

2.6.3 Supersaturation proles. To further understand the
solubility mechanism of highly soluble [TBP][GLI] ionic liquid,
tests of supersaturation proles were conducted on a Sirius T3
instrument (Sirius Analytical, Forest Row, UK). Before testing,
the ionic strength adjusted water (ISA water, 0.15 M KCl) was
prepared by dissolving 1.12106 g of KCl with 40 ml water.

The initial sample solution was made by adding 0.95 mg GLI
or 1.69 mg [TBP][GLI] to 1.5 ml ISA water in a 2.0 ml vial. Then
the measured solubility was entered, and “CheqSol” assay was
selected. The sample solution was pre-alkalied to pH 12.0 with
0.5 M KOH by the instrument automatically, then titrated with
acid from pH 12 to pH 2 to get the value of aqueous solubility,
supersaturation rate and duration of supersaturation.

2.7 Bind energies, electrostatic potential and molecular
dynamics simulations

The internal stored 6-31+G* basis set of Gaussian 09 D.01
program at the B3LYP/6-31+G* level were used to calculate the
frequencies of the stable congurations of the ILs. The binding
energies were corrected for the basis set superposition error
(BSSE).33 The interaction energy, DEint, was evaluated by the
following equation:

DEint ¼ Eion-pair � (Ecation + Eanion) (1)

where Eion-pair is the single point energy of ion pair, Ecation and
Eanion are the single point energies of cation and anion in the
geometry of the corresponding cation–anion pair, respectively.
The value of Eanion, in this paper refer to single point energy of
GLI anion with the value of �1372.339085 hartree.

Multiwfn program34 and Winvmd program35 in Gaussian 09
suite were used for the electrostatic potential (ESP) analysis.
Structural optimization and frequency analysis were performed
using the B3LYP-D3 functional with the 6-31 G* basis set, and
single-point energies were calculated at the B3LYP-D3/6-31+G*
level. Frequency calculations indicated that all congurations
were local minima with no imaginary frequencies, which
ensured the presence of the minimum.

To explore the interaction between anion and cation in ionic
liquids, molecular dynamics simulations on single ion pairs in
water were performed using Gromacs V.4.6.5 (ref. 36) and the
parameters for ion pairs were taken from optimized potentials
for liquid simulations (OPLS) force eld.37 The simulation box
of each system was created by editconf module of Gromacs and
© 2022 The Author(s). Published by the Royal Society of Chemistry
lled with the extend simple point charge (SPC/E) water
model.38 Firstly, the systems were subjected to a 1000-step
energy minimization using the steepest descent method. Then,
the systems were gradually heated from 0 K to 298 K followed by
a 1000 ps initial equilibration at the constant volume and
temperature at 298 K (NVT), and an integration time of 0.002 ps
was adopted using the leapfrog algorithm. All of the simula-
tions were carried out in the NPT ensemble using velocity
rescaling39 to maintain temperature at 298 K and Parrinello–
Rahman barostat40 to maintain pressure at 1 bar. Long-range
electrostatic interactions were calculated by the particle mesh
Ewald summation scheme. All bond lengths to hydrogen atoms
were constrained with LINCS algorithm.41 The distances
between anion and cation in the ion pair were calculated by
gmx_distance module and the results of the simulations were
visualized in PyMOL.
2.8 Gastrointestinal tract parallel articial membrane
permeability assay (GIT-PAMPA)

In order to compare the gastrointestinal absorption of GLI-
based ILs with that of GLI, in vitro permeation tests with GIT-
PAMPA were carried out with little modication.42 Stock solu-
tions were prepared in Tris buffer pH 6.5 to obtain the donor
drug solution with different GLI concentration ranging from
150 mg ml�1 to 1000 mg ml�1. The assay procedure was initiated
by lling each well of the microtiter plate (MultiScreen®, cata-
logue no. MATRNPS50, Millipore Corporation, Bedford, MA,
USA) with 300 ml of each donor drug solution. Carefully, and
avoiding the pipette tip contact with the lter, the hydrophobic
lter (0.45 mm) of each acceptor well of the 96-well microlter
plate (MultiScreen®-IP, catalogue no. MAIPNTR10, Millipore
Corporation, Bedford, MA, USA) was impregnated with 6 ml of
the articial lipid solution composed of 2% of L-a-phosphati-
dylcholine from soybean in n-dodecane. Immediately aer this
application, 150 ml of Tris buffer pH 7.4 were added to the
acceptor well. Then, receptor plate was gently placed onto the
donor plate, making sure that the underside of the membrane
was in contact with donor solution without entrapment of air
bubbles. The assembled donor–acceptor plates were incubated
at room temperature for 16 h. Aerwards, plates were separated
and test compounds were quantied by HPLC in the receiver
solution. Experiments were carried out in replicate (n ¼ 6) and
the apparent permeability (Papp) of each drug, in centimeter per
second, was calculated applying the eqn (2), which was previ-
ously reported by Fortuna et al.42

Papp ¼ �2:303Vd

At

�
1

1þ rv

�
� log

�
1� �

1þ rv
�1� CaðtÞ

Cdð0Þ
�

(2)

where Vd is the volume of donor solution (0.3 cm3), A is the
membrane area that separate both compartments (0.28 cm2), t
is the permeation time in second, rv is the ratio between the
volumes of buffer used in donor and acceptor compartments,
Ca(t) and Cd(0) are the drug concentrations (mM) obtained,
respectively, in the acceptor compartment aer the experiment
and in the donor solution at the beginning of the assay.
RSC Adv., 2022, 12, 1062–1076 | 1065

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07499g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 9
/8

/2
02

4 
8:

27
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.9 Cytotoxicity test

Caco-2 cell line was used to determine the inhibitory effects of
compounds on cell growth using the CCK-8 assay. Caco-2 cells
were incubated in Dulbecco's Modied Eagle's Medium
(DMEM) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin and grown at 37 �C in 95% air and 5%
CO2 environmental conditions. Exponentially well growing cells
were plated at 4 � 103 cells per well into 96-well microtiter
tissue culture plates (Corning, New York, USA) and incubated
for 16 h before the addition of the drugs. GLI, [TBP][GLI] and
the related counterion were dissolved in DMSO, and diluted
with DMEM to form solutions with a series of concentrations.
The cells were treated with various concentrations of drugs and
incubated for 24 h. 20 ml of CCK-8 solution was then added and
incubated for another 3 h. Finally, the absorbance at 450 nm
was measured and recorded with microplate reader (Biotek,
Vermont, USA). The IC50 values were calculated by plotting the
relationship between concentration and cell survival rate (%)
using SPSS 22. Each result was expressed as mean � SD for
triplicates.
2.10 Preparation of GLI-loaded mesoporous silica particles

AEROPERL® 300 Pharma was dried in the vacuum oven until it
reached constant weight before loading the drug. Drug loading
was achieved by introducing 750 mg AEROPERL® 300 Pharma
to 20mlmethanolic solution of GLI or [TBP][GLI] (conc.�20mg
ml�1 of GLI) under constant stirring at 250 rpm for 6 h. The
suspension was le for 24 h to reach equilibrium. Aerwards,
the suspension was centrifuged at 12 000 rpm for 8 min and the
mesoporous silica particles were washed thrice with methanol
to remove the surface bound drug. The GLI-loaded mesoporous
silica particles were dried at 60 �C in vacuum oven for 24 h to
completely remove the solvent. In this study, GLI loaded mes-
oporous silica particle was named as GLI/MSP, [TBP][GLI]
loaded mesoporous silica particle was named as [TBP][GLI]/
MSP. Herein, MSP was short for mesoporous silica particle.
The successfully prepared MSP were loaded into PCcaps size 9
hard gelatine capsules for further experiments.
2.11 Drug load verication and quantication

A light microscope (Leitz Ortophlan, Wetzlar, Germany) con-
nected to a CMEX-1 digital camera (Euromex Microscopen BV,
Arnhem, Netherlands) was used to observe the dry powder
images to monitor the impregnation of GLI or [TBP][GLI] into
GLI/MSP or [TBP][GLI]/MSP. Samples were spread gently
between the glass slide and cover slide and then observed at
320�magnication.

The drug content of the GLI formulations was determined by
suspending 10 mg of the loaded particles in 25 ml of methanol
(n ¼ 3). These suspensions were sonicated for 30 min in an
ultrasonic bath, aer which the GLI was separated from the
methanol solution by ltration (PTFE-membrane lter, 0.22 mm
pore size). The concentration of the drug in solution was
determined by HPLC.
1066 | RSC Adv., 2022, 12, 1062–1076
The drug loading was calculated according to the following
equation:43

Drug loading% ¼ Wdrug

Wdrug-loaded MSP

� 100 (3)

where Wdrug is the weight of the drug in the MSPs and Wdrug-

loaded MSP is the weight of drug-loaded MSPs.
2.12 Solid-state characterization

Solid-state characterization of GLI, [TBP][GLI], blank MSP,
physical mixture of GLI and AEROPERL® 300 Pharma (GLI +
MSP), GLI/MSP and [TBP][GLI]/MSP was conducted using
a variety of analytical tools.

The surface appearance and shape were visualized by SEM
(S-3400N, Hitachi Instruments, Tokyo, Japan). Samples were
xed on double-sided sticky tape mounted on aluminum stubs
and then coated with a gold layer under an argon atmosphere.
The scanning was performed at an accelerating voltage of 15 kV.
Surface area of blank MSP, GLI/MSP and [TBP][GLI]/MSP was
determined by N2 adsorption/desorption analysis (Micro-
meritics TriStar II 3020). The samples were degassed before
subjecting to N2 adsorption/desorption analysis at 77 K. The
specic surface area (SSA) was calculated by the Brunauer–
Emmett–Teller (BET) method using adsorption data at relative
pressure (p/p0).44 The particle sizes and particle size distribu-
tions of the samples, with a refractive index of 1.5, were
measured with Malvern MS2000 laser particle size analyzer
(Malvern Instruments Ltd, Malvern, UK) through dry procedure.
Span values was calculated according to the eqn (4). Particle size
was analyzed using the Dispersion Technology Soware
provided by Malvern Instruments. PXRD patterns of selected
samples were obtained as described in 2.3.1. DSC was con-
ducted by the same instrument as described in 2.3.2. All
samples weighed 1–3 mg and were heated in hermetically
sealed aluminum pans at a rate of 10 �Cmin�1 under a nitrogen
gas ow of 50 ml min�1. The DSC data were analyzed using the
same soware as described in 2.3.2.

Span ¼ d90 � d10

d50
(4)
2.13 In vitro dissolution test

Transfer dissolution experiment of SGF to FaSSIF was con-
ducted to simulate the in vivo gastric-to-intestinal transition.
GLI/MSP or [TBP][GLI]/MSP capsules with a dose of 5 mg
(calculated by GLI) was dispersed in 10 ml of SGF. At pre-
determined time intervals, 0.8 ml of the samples were with-
drawn during the SGF stage. Aer 30 min, 1 ml of SGF together
with the capsules were transferred to 9 ml of FaSSIF. This
transfer was thus accompanied with a 10-fold dilution, such
that the (theoretical) nal concentration in FaSSIF amounted to
50 mg ml�1. The relative amount in solution in FaSSIF aer
transfer from SGF was calculated based on the expected amount
of drug present in FaSSIF (i.e. 10% of the nominal dose that was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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dispersed in SGF). Three parallel experiments were conducted
for each test capsule.

The GLI concentrations of samples were measured by HPLC
and calculated according to the calibration curves which were
constructed by plotting peak areas of GLI versus GLI concen-
trations over the concentration range of 1–100 mg ml�1 (R2 ¼
0.9997).

2.14 Statistical analysis

Results were expressed as mean � standard deviation. Statis-
tical analysis of data was carried out using independent-
samples t-test with SPSS 25.0 soware (SPSS, Chicago, USA).
Results with P < 0.05 showed that the difference was statistically
signicant.

3. Results and discussion
3.1 Structure and physical characteristics

[TBP][GLI] ionic liquid, which was light yellow viscous liquid at
room temperature (Fig. 1), was successfully synthesized.
Observed by polarized light microscopy, there was no birefrin-
gence. For GLI, birefringence phenomenon could be seen
clearly (Fig. S1†). Meanwhile, GLI was crystalline with charac-
teristic peaks at 10.54, 15.00, 17.14, 18.22, 20.82, 22.06� whereas
[TBP][GLI] showed amorphous halos from PXRD patterns
(Fig. 2A). Thus, the crystalline nature of GLI and the amorphous
nature of the [TBP][GLI] were conrmed.

The synthesized [TBP][GLI] IL was systemic characterized by
MDSC, TGA, FT-IR and 1H NMR. The density and viscosity were
also determined. The results of the density, viscosity and
thermal analyses were showed in Table 1. The density (r) and
viscosity (h) of [TBP][GLI] was 941.2 kg m�3 and 1105 mPa s
respectively. These results were very similar to that of [TBP][Pro]
reported before.45 The melting point of GLI was 171 �C. As for
[TBP][GLI], no melting point but a subzero glass transition
temperature of �40.01 �C was observed, which further indi-
cated the successful preparation of the IL. To indicate thermal
stability of API, the temperature of 5% of the total weight loss
(T5% onset) had been used.17 GLI and its IL both had a good
thermal stability with a single-step decomposition temperature
more than 180 �C. Meanwhile, there was almost no residual
solvent in the IL and could have little effect on its properties as
evidenced by the TGA results that mass loss at 150 �C was less
Fig. 1 Chemical structure and appearance of the ionic liquid.

© 2022 The Author(s). Published by the Royal Society of Chemistry
than 2%, and the KF test that less than 1% amount of water was
remaining in the IL.

In the structure of GLI, the N–H group near the sulfonyl
group is acidic and can be the potential salt forming site. The
successful preparation of [TBP][GLI] could also be proven from
the FT-IR spectrum (Fig. 2B). On one hand, characteristic
stretching vibrations between 3300 cm�1 and 3100 cm�1

belonging to the acidic N–H group was not detected. On the
other hand, the absorption band for the sulfonyl group was
blue-shied from 1342 cm�1 and 1159 cm�1 to 1246 cm�1 and
1129 cm�1.

The results of 1H NMR (Fig. S2†) could be a further
convincing proof for the successful salt formation. The proton
of the N–H group near the sulfonyl group showed peak at d¼ 8.7
on the spectrum of GLI. Whereas this peak was not detected on
the spectrum of [TBP][GLI]. Besides, near 1 : 1 molar ratio of the
GLI and counterion was veried based on the integration of
assignable peaks in the spectra (for GLI: d ¼ 7.78, for TBP: d ¼
0.96–0.81).
3.2 Solution stability assay

Solution stability is an essential property for the success of
drugs, which, is applied by project teams to make go/no-go
decisions at all stages of drug discovery and development.46

For oral dosing, compounds encounter various pH and enzy-
matic challenges in the gastrointestinal (GI) tract, therefore the
stability in the GI tract is critical in order to achieve good oral
bioavailability.47 Stability of drug candidates in the simulated GI
uids is usually tested early in drug discovery process so that
stability “baggage” is not carried into the later phase whenmore
resources are invested.

As it can be observed in Fig. 3A, the degradation behavior of
GLI and [TBP][GLI] was very similar in strong acidic environ-
ment (pH 1 and SGF). The concentration of GLI decreased
rapidly, reaching a concentration below the detect limitation of
HPLC aer only 6 h of exposure. Both GLI and [TBP][GLI] were
relatively stable in SIF during the whole experiment period. In
pH 7.4 buffer, the concentration of GLI decreased gradually to
zero at the end of the experiment. While for the [TBP][GLI], it
wasmuchmore stable. At 24 h, still 62.72% of the initial content
were remained. The observation that GLI degraded in strong
acidic and neutral medium was consistent with the previous
report.3 The presence of sulfonylurea moiety in GLI makes it
susceptible to hydrolytic to produce two degradation products
as displayed in Fig. 3C. In order to explain the solution stability
enhancement of [TBP][GLI] in neutral media (pH 7.4), 2D
NOESY was utilized to explore the intermolecular interactions.
D2O was used to prepare pH 7.4 buffer solution. As seen in
Fig. 3B, the 1H–1H-NOESY cross-peak between the protons on
the benzene ring of GLI and the protons on the carbon chain of
tetrabutylphosphonium cation was observed, indicating
potential intermolecular NOE interactions of [TBP][GLI] when
dissolved in pH 7.4 buffer solution.

The salt formation site in the sulfonylurea moiety of GLI and
the existence of ion pair in neutral solution were benet for the
stability enhancement of [TBP][GLI]. However, in strong acidic
RSC Adv., 2022, 12, 1062–1076 | 1067
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Fig. 2 PXRD patterns (A) and FT-IR spectra (B) of GLI and [TBP][GLI].
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environment, such interactions could not be found by 2D
NOESY experiment, which meant that GLI and the counterion
were not existed in the form of ion pair to prevent the even faster
degradation of GLI from strong acid.
3.3 Partition coefficients

The value of log P and log D7.4 were listed in Table 2. [TBP][GLI]
had a lower log P and log D7.4 than GLI, while [P6,6,6,14][GLI]
showed improvement in log P and log D7.4 values when
comparing with GLI. The lipophilic properties of the GLI-based
ionic liquids and GLI were ranked as follows: [P6,6,6,14][GLI] >
GLI > [TBP][GLI], which was opposite to the rank of the equi-
librium solubility in Section 3.4.

The induced cationic alkyl side-chain length of the coun-
terion in [P6,6,6,14][GLI] could create strong van der Waals
interactions with the hydrophobic part of octanol, so as to
increase its solubility in organic media48 and exhibited higher
log P value than GLI. For [TBP][GLI], the short side-chain of
counterion was not long enough, so that no obvious increase-
ment of solubility in organic media was observed.
3.4 Solubility characteristics

For BCS II drugs, it is meaningful to briey discuss the solubility
of the model compounds in various solvent systems. The
equilibrium solubility of the two GLI-ILs and GLI in water, PBS
7.4 and simulated gastrointestinal uids were summarized in
Table 1 The density, viscosity, thermochemical properties and water co

Compound r (kg m�3) h (mPa s) Tm (�C)

GLI 171.18
[TBP][GLI] 941.20 1105 nda

a Not detected.

1068 | RSC Adv., 2022, 12, 1062–1076
Table 2. In this section, solubility results of all compounds,
including ILs, all refers to the solubility of GLI.

GLI displayed a slight solubility (43.52 � 1.67 mg ml�1) in
water, while GLI-based ILs exhibited various solubilities
depended on the counter-ion. The solubility of [TBP][GLI] could
achieve over 50-fold higher than that of GLI with the value of
2153.19 � 119.86 mg ml�1, but the solubility of [P6,6,6,14][GLI]
was much lower than that of GLI, only 1.5 mg ml�1 in water. The
solubility tendency of GLI and GLI-ILs in PBS 7.4 were the same
as that in water, i.e., [TBP][GLI] > GLI > [P6,6,6,14][GLI]. Solubility
in simulated gastrointestinal uids were also determined to
better understand the in vivo behavior. In SGF, the solubility of
all three compounds were under the limit of quantitation of
HPLC method (con. <200 ng ml�1). In four kinds of simulated
intestinal uids, [TBP][GLI] exhibited the highest equilibrium
solubility among three compounds as in water and in PBS 7.4.
The solubility of all the compounds increased as the pH values
increasing in the simulated intestinal media (pH of SIF is 6.8;
pH of FaSSIF is 6.5 and pH of FeSSIF is 5). Higher pHmay cause
higher degree of drug ionization and then higher solubility.
Another observation was that the increase solubility of GLI in
the simulated intestinal media was only marginal as compared
to the corresponding blank media (i.e. media having the same
pH but not containing sodium taurocholate or lecithin), which
suggested that both GLI and GLI ILs had low affinity for the
mixed micelles present in FaSSIF and FeSSIF.
ntent of GLI and [TBP][GLI]

Tg (�C) T5% onset (�C) Water content (%)

nda 190.93 0.02
�40.01 181.70 0.87

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Solution stability of GLI and [TBP][GLI] (A), contour plot of the 1H–1H-NOESY spectrum of [TBP][GLI] in pH 7.4 buffer solution (B), typical
degradation route of GLI (C).
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To further study the dissolution characteristics of GLI and
[TBP][GLI], 24 h kinetic saturation solubilities were recorded.
Tests for [P6,6,6,14][GLI] ionic liquid were not conducted because
of its limited equilibrium solubilities. In water, GLI achieved
a peak concentration at 4 h, and then the concentration
decreased to its equilibrium solubility within 24 h. [TBP][GLI]
showed quite a different behavior. The concentration of
released drug increased rapidly and then achieved a plateau
with much higher concentration than that of GLI (2053.29 mg
ml�1 vs. 40.27 mg ml�1, p < 0.001) at 12 h (Fig. 4A). While in PBS
7.4, SIF and FaSSIF, a peak concentration was achieved within
6 h both for GLI and [TBP][GLI]. [TBP][GLI] could reach its peak
and plateau more quickly than GLI itself. In addition, from the
beginning to the end, the concentrations of [TBP][GLI] were
higher than those of GLI with signicantly difference (p < 0.05)
at all sampling timepoints (Fig. 4B–D). In SGF, four sampling
time points were added within the starting 45 min in
Table 2 Equilibrium solubility in water, phosphate buffered saline (PBS, p
¼ 3, mean � SD), log P and log D7.4 of GLI and its two ILs

Compound

Solubility (mg ml�1)

Water PBS 7.4 SGF SIF
Blan
FaSS

GLI 43.52 �
1.67

1586.68 �
102.85

nda 583.91 �
22.97

190.
0.63

[TBP][GLI] 2153.19 �
119.86

4102.62 �
192.56

nda 981.52 �
23.03

484.
0.42

[P6,6,6,14][GLI] 1.51 �
0.13

301.87 �
6.82

nda 102.43 �
11.54

32.1
1.56

[TBP][GLI] vs.
GLIb

49.48 2.58 1.68 2.54

a Not detected at the end of the test. b Multiples when compare [TBP][GL

© 2022 The Author(s). Published by the Royal Society of Chemistry
consideration of its low equilibrium solubility. It was found that
for [TBP][GLI] group, it could achieve a much higher concen-
tration of 1677.49 � 149.87 mg ml�1 within 10 min, and then
sharply reduced to 200.84� 18.88 mg ml�1 within the next 5 min
(Fig. 4E). That is, the “spring”49 phenomenon, which means
a thermodynamically unstable, supersaturated solution of
a drug can only be generated starting from a higher energy form
of the drug (as compared to the crystalline powder). Aer
supersaturation has been induced, concentration will decrease
to its equilibrium solubility in a very short period. This was
conrmed by the phenomenon that both groups experienced
a concentration reduction aer 2 h and the concentration was
lower than 200 ng ml�1 aer 24 h.

For ionizable compounds, a potentiometric method, termed
the chasing equilibriummethod (CheqSol), has been developed
to rapidly measure the kinetic and equilibrium solubilities.50

The result of CheqSol assay (Fig. 5A) showed that the
H¼ 7.4), SGF, SIF, blank FaSSIF, FaSSIF, blank FeSSIF and FeSSIF (37 �C, n

log P log D7.4

k
IF FaSSIF

Blank
FeSSIF FeSSIF

59 � 196.12 �
3.32

28.68 �
0.99

30.13 �
1.07

1.71 �
0.03

0.45 �
0.01

05 � 486.71 �
22.83

49.82 �
17.81

53.39 �
10.48

1.36 �
0.03

0.25 �
0.02

4 � 34.53 �
2.79

nda nda 2.72 �
0.24

0.69 �
0.02

2.48 0.80 0.56

I] to GLI.

RSC Adv., 2022, 12, 1062–1076 | 1069
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Fig. 4 Concentration in mg ml�1 versus time in hours profiles of GLI and [TBP][GLI] over 24 h ((A) in ultrapure water; (B) in PBS 7.4; (C) in SIF; (D) in
FaSSIF; (E) in SGF).
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supersaturation ratio (kinetic solubility/intrinsic solubility) of
[TBP][GLI] was over 3-fold larger than that of GLI. The duration
of supersaturation, calculated from the neutral species
concentration versus time proles determined by potentio-
metric titration, was 8.33 � 0.83 min for GLI and 25.27 �
2.02 min for [TBP][GLI], respectively (Fig. 5B). The duration
observed for [TBP][GLI] was signicantly longer as compared to
the GLI, which could potentially improve bioavailability, in
particular for poorly soluble compounds whose absorption are
limited due to the low in vivo GI concentrations.50
3.5 Stable congurations, electrostatic potential and
molecular dynamic simulations

Computational chemistry, including stable congurations and
molecular dynamic simulations, was conducted to better
understand the structures and solubility results of the ILs,
respectively.

The optimized stable geometries for ion pairs of GLI ILs were
displayed in the le column of Fig. 6 and the corresponding
Fig. 5 Supersaturation profiles of GLI and [TBP][GLI] ((A) intrinsic and kin

1070 | RSC Adv., 2022, 12, 1062–1076
interaction energy between cation and anion were listed in
Table 3. The interaction energy (DEint) were �1393.68 kJ mol�1

and �1378.52 kJ mol�1 for [TBP][GLI] and [P6,6,6,14][GLI]
respectively, which were both at a very high level and the
difference between them was just around 1%. As a stability
index, the higher interaction energy implies better stability.51 In
a previous work, Wang et al. reported the interaction energies of
a set of aprotic ILs including [Bmim][NO3], [BuPy][NO3], [Pyr14]
[NO3], [PP14][NO3] and [Bu-choline][NO3].51 The highest energy
among these ILs was only �363.38 kJ mol�1. The prepared GLI-
based ILs in this article showed much higher energies,
demonstrating the good stability of the neat ion pairs.

Electrostatic potential (ESP) was used to qualitatively
understand the potential properties of [TBP][GLI]. The surface
of ESP analysis was coloured using a blue-red scale (Fig. 1). The
most positively charged region in red was near the central
phosphorus atom on the TBP part and the most negatively
charged one in blue was near the sulfonyl group on the GLI part,
which provided strong electrostatic interactions between each
etic solubility; (B) neutral species concentration–time profile).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The optimized stable geometries for ion pairs of the ILs (left) and the state of ion pairs during the simulations. (A) [TBP][GLI] combined, (B)
[TBP][GLI] separated, (C) [P6,6,6,14][GLI] combined, (D) [P6,6,6,14][GLI] separated.

Table 3 The single point energy of ion pair (Eion-pair), single point
energy of cation (Ecation) and interaction energy (DEint) of GLI ILs

IL Eion-pair (hartree) Ecation (hartree) DEint (kJ mol�1)

[TBP][GLI] �2344.567163 �972.758903 �1393.68
[P6,6,6,14][GLI] �2973.639662 �1601.825629 �1378.52

Fig. 7 Time evolution of the distance between the cation–anion
centroid of the ILs.
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other. The modeling of the [TBP][GLI] formation was consistent
with the structure characterization result.

Molecular dynamics (MD) simulation was utilized to
understand the state of ILs in solution at molecular level.51 To
simplify the calculation, only one ion pair was put in the
simulation system. Considering the different size of ion pair,
4043 and 4023 water molecules were put in the system for [TBP]
[GLI] and [P6,6,6,14][GLI], respectively. The simulated results
were displayed in Fig. 6, which clearly revealed the state of
combined or separated ion pair of GLI ILs in aqueous circum-
stance. Time evolution of the distance between the cation–
anion centroid of the ILs could be used to evaluate the inter-
action strength between anion and cation. As seen from Fig. 7,
the baseline represented the distances of contact ion pairs was
around 0.75 nm and 0.50 nm for [TBP][GLI] and [P6,6,6,14][GLI],
respectively. For [TBP][GLI], the time period when distance was
far above baseline was about 8 s, while for [P6,6,6,14][GLI], this
time period was only about 4 s. The deviation degree above
baseline of [P6,6,6,14][GLI] was also lower than that of [TBP][GLI].
The shorter time period when distance was far above baseline
and the lower deviation degree indicated a more stable ion pair
could be formed in water for [P6,6,6,14][GLI] than [TBP][GLI].
© 2022 The Author(s). Published by the Royal Society of Chemistry
These results could partially explain the higher aqueous solu-
bility of [TBP][GLI] than [P6,6,6,14][GLI], that is, less stable ion
pairs would help its dissolution and make it easy for cation and
anion to tear apart and form interactions with water molecules.
3.6 Gastrointestinal tract parallel articial membrane
permeability assay (GIT-PAMPA)

The parallel articial membrane permeability model (PAMPA),
rstly introduced by Kansy et al. in 1998,52 has become widely
RSC Adv., 2022, 12, 1062–1076 | 1071
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Fig. 8 (A) GIT-PAMPA profiles of GLI and [TBP][GLI] (horizontal dashed line correspond to Papp ¼ 1.1� 10�6 cm s�1), (B) cytotoxicity of GLI, [TBP]
[OH] and [TBP][GLI] in Caco-2 cells expressed as IC50 value evaluated by CCK-8 method.
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used, especially in early drug discovery, to discriminate lead
compounds by human intestinal permeability in vitro53 since it
is more cost-effective, less complex, and less time-consuming
than the conventional cellular methods. Compounds with
permeability above 1.10 � 10�6 cm s�1 was considered to have
the ability to be absorbed in the intestine through passive
transcellular pathway and a high human intestinal absorption
fraction (Fa) ($85%) can be anticipated.54

Only one dose of 150 mgml�1 was administrated to the donor
because of the solubility limitation of GLI itself (178 mg ml�1) in
the experimental buffer solutions. For [TBP][GLI], three dose
level of 150 mg ml�1, 500 mg ml�1 and 1025 mg ml�1 (its equi-
librium solubility in Tris buffer pH 6.5) were applied. The
permeability value of GLI was 2.46 � 10�6 cm s�1 (Fig. 8A). The
formation of [TBP][GLI] decreased the intestinal permeability of
GLI. The Papp values of [TBP][GLI] with different dosage were
1.21 � 10�6 cm s�1, 1.42 � 10�6 cm s�1 and 1.53 � 10�6 cm s�1

respectively, which showed no statistically signicant
Fig. 9 Light microscopy pictures of blank MSP (A), GLI (B), [TBP][GLI] (C), G
scale ¼ 50 mm).

1072 | RSC Adv., 2022, 12, 1062–1076
differences. The permeability value of [TBP][GLI] was still above
the critical value, indicating that intestinal transportation
would not be a problem aer the IL formation with TBP.
3.7 Cytotoxicity test

Caco-2 cells are commonly used physiological model for
obtaining rst rough estimation of intestinal barrier and
transport toxicity.55

The cytotoxic effect of GLI, [TBP][GLI] and the corresponding
counterion tetrabutylphosphonium hydroxide ([TBP][OH]) on
Caco-2 cells were expressed as IC50 values and plotted in Fig. 8B.
GLI showed a low toxicity with the IC50 value at mM level (20.80
� 1.11 mM). The counterion showed slightly higher toxicity
than GLI, as evidenced by the IC50 values of 16.47 � 3.24 mM.
The calculated IC50 value of [TBP][GLI] was two times lower than
that of GLI (11.02� 2.08 mM vs. 20.80� 1.11 mM), but were still
of the same order of magnitude. Overall, the counterion chosen
LI + MSP (D), GLI/MSP (E), and [TBP][GLI]/MSP (F) (magnification 320�,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM images of GLI (A/a), blank MSP (B/b), GLI +MSP (C/c), GLI/
MSP (D/d) and [TBP][GLI]/MSP (E/e) at different magnifications. Left:
200� magnification, right: 2000� magnification.

Table 4 Specific surface area and particle size distribution of blank
MSP, GLI/MSP and [TBP][GLI]/MSP

Sample
Specic surface
area (m2 g�1)

Mean particle
size (mm) Span

Blank MSP 231.364 14.169 2.876
GLI/MSP 101.763 31.650 2.363
[TBP][GLI]/MSP 11.230 34.086 1.087
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in this study was safe, and the ionic liquid consists of it could
not cause severe cytotoxicity problem for further oral pharma-
ceutical use.

3.8 Drug load verication and quantication of GLI-loaded
mesoporous silica particles

The drug loading of GLI-loaded mesoporous silica particles was
monitored by light microscopy with 320� magnication. Blank
MSP displayed a transparent, spherical and hollow structure
(Fig. 9A). Some broken particles were observed because of the
fragility of the porous structure. Fig. 9B and C showed the
typical structure of GLI and [TBP][GLI] ionic liquid respectively.
GLI was plate-shaped crystals. For [TBP][GLI], no tiny crystal
particle was found, which was t with its amorphous nature.
Fig. 9D was the micrography of physical mixture of blank MSP
and crystalline GLI (GLI + MSP). The observed transparent
spherical structure of blank MSP and unchanged crystalline
GLI, indicated no change of solid state for both materials
during the mix process. Since the pores of the blank MSP were
lled by GLI or [TBP][GLI] ionic liquid, the internal structure of
MSP turned into non-transparent (Fig. 9E and F). Besides, no
more GLI crystals or transparent liquid state [TBP][GLI] were
found. This provided evidence that GLI or [TBP][GLI] ionic
liquid was encapsulated into the blank MSP by addition of drug
solution. The maximum and uniform drug loading of 25.03 �
0.52% and 25.12 � 0.36% (calculated by GLI) were achieved
(RSD < 2%) for GLI/MSP and [TBP][GLI]/MSP, respectively.

3.9 Solid-state characteristics of GLI-loaded mesoporous
silica particles

SEMmeasurements were conducted to observe the morphology
of GLI-loaded mesoporous silica particles and the pictures were
taken at two different magnications: 200� and 2000�, as
shown in Fig. 10. Picture A and picture a both showed the bulk
crystal structure of GLI. Similar to Fig. 9, the spherical and
mesoporous structure of the blank MSP were conrmed by
picture B and picture b. Crystalline GLI and spherical blank
MSP were both displayed in picture C and several crystalline
drug particles scattered around the blank MSP can be observed
in picture c with 2000� magnications. By and large, the drug
was found to be uniformly adsorbed within the pores of MSP in
GLI/MSP systems as shown in picture D. Drug particles in the
pore and limited tiny surface precipitation can be seen in
picture d. In picture E and picture e, no other solids except the
spherical and mesoporous structure of MSP could be observed,
indicating no phase transition were occurred for [TBP][GLI]
ionic liquid. The size of the drug-loading MSPs in both picture
D and picture E was larger than blank MSP in picture B, which
was consistent with particle size distribution results which
would be discussed later.

The specic surface area and particle size distribution of
blank MSP, GLI/MSP and [TBP][GLI]/MSP were listed in Table 4.
The specic surface area of blank MSP was 231.364 m2 g�1. The
process of drug loading resulted in a signicant decrease in the
specic surface area of MSP. At the same API content level, the
specic surface area of [TBP][GLI]/MSP was only 11.04% of GLI/
© 2022 The Author(s). Published by the Royal Society of Chemistry
MSP, which meant [TBP][GLI] occupied more space and surface
area than GLI. As a liquid, [TBP][GLI] had better uidity, which
allowed it easier to enter the pores and lower the surface area.
DLS results revealed that blank MSP had an average size of
RSC Adv., 2022, 12, 1062–1076 | 1073
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Fig. 11 X-ray diffractogram patterns (A) and DSC thermograms (B) showing: GLI, [TBP][GLI], blank MSP, GLI + MSP, GLI/MSP and [TBP][GLI]/MSP.
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14.169 mm and a wide size distribution with the span value of
2.876. Loading of GLI or [TBP][GLI] in the pores increased the
particle size to 31.650 mm and 34.086 mm respectively. In addi-
tion, GLI/MSP and [TBP][GLI]/MSP exhibited narrow size
distribution with the smaller span values of 2.363 and 1.087,
which was benecial to the further formulation development.

To investigate the solid state of GLI in the mesoporous silica
particles formulation, PXRD tests were performed. The crystal
nature of GLI and amorphous nature of [TBP][GLI] were
conrmed in Section 3.1. From Fig. 11A, there were no charac-
teristic diffraction peaks for blank MSP, demonstrated its
amorphous nature. For the physical mixture of GLI and MSP,
characteristic diffraction peaks of GLI at 2q¼ 10.54, 15.00, 17.14,
18.22, 20.82, 22.06� were observed, illustrating that the crystal
form of GLI was not changed and there were no interactions
between GLI and blankMSP. GLI was transformed to amorphous
state aer it was loaded into theMSP, whichwas evidenced by the
PXRD spectrum of GLI/MSP without any diffraction peaks. This
transformation may be attributed to the tiny pore size of the
carrier, interactions between GLI and the silicate groups on the
pore surfaces, and rapid evaporation of the solvent.56 The amor-
phous state was also found in the PXRD pattern of [TBP][GLI]/
MSP, which was in consistent with the SEM observation.

DSC measurements of GLI, [TBP][GLI], blank MSP, GLI +
MSP, GLI/MSP and [TBP][GLI]/MSP were performed. The results
were in accordance with PXRD results. As seen in Fig. 11B,
a melting peak at 168.60 �C were observed in the DSC curve of
GLI +MSP, which was slightly lower than that of GLI (171.18 �C).
No obvious melting peaks were found in the DSC curve of GLI/
MSP, conrming that GLI was existed as amorphous form in the
formulation. Meanwhile, no melting endotherm behavior was
detected for [TBP][GLI]/MSP, which pointed out that the ionic
liquid kept its amorphous state in the formulation.
Fig. 12 In vitro transfer cumulative-release profiles for enteric
capsules of GLI, [TBP][GLI] and their corresponding MSPs.
3.10 In vitro dissolution test

In vitro dissolution test constitutes an important activity in drug
formulation development and quality control. Transfer disso-
lution test in this paper simulated the dissolution behavior of
1074 | RSC Adv., 2022, 12, 1062–1076
the formulations rst in the gastric compartment and then in
the small intestinal condition. Considering the instability of
GLI and “spring” phenomenon of [TBP][GLI] in strong acidic
environment, enteric-coated capsules were used to encapsu-
lating the drug-loaded MSP.

The release proles of [TBP][GLI]/MSP, GLI/MSP, [TBP][GLI]
and GLI were displayed in Fig. 12. All the four groups stayed
stable in the SGF stage and did not release any drugs. During
the FaSSIF stage, [TBP][GLI]/MSP capsules released fast and
could reach 100% release within 60 min. GLI/MSP could also
achieve a fast release and released 86.85 � 1.36% of GLI at
210 min. The cumulative release amount at the end of the
experiment ranked as follows: [TBP][GLI]/MSP > GLI/MSP >
[TBP][GLI] > GLI.

With high water solubility, [TBP][GLI] was expected to
exhibit a favorable dissolution rate in FaSSIF media. However,
neat IL formed large semisolid substance in the dissolution
media upon the disintegration of the capsule shell, resulting in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the smaller surface area and slower release prole in this
condition. This result was similar with a previous report.57 [TBP]
[GLI]/MSP enhanced the dissolution by increasing surface area
as compared to neat [TBP][GLI], since that large contacting area
was achieved aer loading of [TBP][GLI] into blank MSP.
Comparing to neat GLI, GLI/MSP also showed improved
dissolution proles. Except for the increase of exposed surface
area, amorphous state of GLI in GLI/MSP also contributed to the
results. Though the same amorphous state as [TBP][GLI]/MSP,
GLI/MSP could not reach total release at 210 min.

Better dissolution prole of [TBP][GLI]/MSP than GLI/MSP
could be explained by the following aspects. First, [TBP][GLI]
exerted improved solubility characteristics and supersaturation
properties than GLI as we mentioned before. Second, although
GLI was amorphous in GLI/MSP, it could recrystallized58 in the
dissolution media and caused incomplete release.

4. Conclusions

In this work, [TBP][GLI] IL was successfully prepared and
systemic characterized for the rst time. Improved solubility
characteristics of GLI aer IL formation were observed,
including 50-fold higher aqueous solubility and 3-fold larger
supersaturation ratio than those of GLI. These results were
veried by molecular dynamic simulations. With less stable ion
pairs in aqueous environment, it was easy for cation and anion
of [TBP][GLI] to tear apart and form interaction with water
molecules. Besides, stability improvement in neutral media was
also found. The prepared [TBP][GLI] exhibited intestinal trans-
portation ability and safety as evidenced by the in vitro GIT-
PAMPA tests and cytotoxicity experiments of Caco-2 cell. [TBP]
[GLI]/MSP was successfully prepared using AEROPERL® 300
Pharma with average particle size of 30–40 mm. Finally, [TBP]
[GLI]/MSP loaded enteric capsules exhibited improved dissolu-
tion properties (100% release within 60 min) as demonstrated
by in vitro dissolution test. Therefore, IL technology represents
a useful and promising oral preparation strategy to improve
absorption properties of GLI.

Author contributions

Bijian Zhou: methodology, investigation, writing – original
dra. Dan Teng: investigation, formal analysis. Jinghui Li:
validation. Yanhong Zhang: soware. Minghui Qi: resources.
Minghuang Hong: conceptualization, supervision, funding
acquisition, methodology, writing – review & editing. Guo-Bin
Ren: conceptualization, supervision, funding acquisition,
project administration.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge the nancial support received from
Natural Science Foundation of Shanghai (No. 20ZR1413600)
© 2022 The Author(s). Published by the Royal Society of Chemistry
and the National Natural Science Foundation of China (No.
21576080), for their support and encouragement in carrying out
his college work.

References

1 E. Ahlqvist, R. B. Prasad and L. Groop, Diabetes, 2020, 69,
2086.

2 S. R. Mishra, M. Waller, H. F. Chung and G. D. Mishra,
Maturitas, 2022, 155, 14–23.

3 G. Bansal, M. Singh and K. C. Jindal, Chromatographia, 2007,
66, 751–755.

4 A. Mooranian, R. Negrulj, S. Mathavan, J. Martinez,
J. Sciarretta, N. Chen-Tan, T. Mukkur, M. Mikov, M. Lalic-
Popovic, M. Stojancevic, S. Golocorbin-Kon and H. Al-
Salami, J. Pharm. Innovation, 2014, 9, 150–157.

5 S. P. Chan and S. Colagiuri, Diabetes Res. Clin. Pract., 2015,
110, 75–81.

6 O. Dwichandra Putra, E. Yonemochi and H. Uekusa, Cryst.
Growth Des., 2016, 16, 6568–6573.

7 J. Varshosaz, R. Talari, S. A. Mostafavi and A. Nokhodchi,
Powder Technol., 2008, 187, 222–230.
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