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Current formulation development strongly relies on trial-and-error experiments in the
laboratory by pharmaceutical scientists, which is time-consuming, high cost and waste
materials. This research aims to integrate various computational tools, including machine
learning, molecular dynamic simulation and physiologically based absorption modeling
(PBAM), to enhance andrographolide (AG) /cyclodextrins (CDs) formulation design. The
lightGBM prediction model we built before was utilized to predict AG/CDs inclusion’s
binding free energy. AG/y-CD inclusion complexes showed the strongest binding affinity,
which was experimentally validated by the phase solubility study. The molecular dynamic
simulation was used to investigate the inclusion mechanism between AG and y-CD, which
was experimentally characterized by DSC, FTIR and NMR techniques. PBAM was applied to
simulate the in vivo behavior of the formulations, which were validated by cell and animal
experiments. Cell experiments revealed that the presence of D-a-Tocopherol polyethylene
glycol succinate (TPGS) significantly increased the intracellular uptake of AG in MDCK-
MDRI1 cells and the absorptive transport of AG in MDCK-MDR1 monolayers. The relative
bioavailability of the AG-CD-TPGS ternary system in rats was increased to 2.6-fold and 1.59-
fold compared with crude AG and commercial dropping pills, respectively. In conclusion,
this is the first time to integrate various computational tools to develop a new AG-CD-TPGS
ternary formulation with significant improvement of aqueous solubility, dissolution rate
and bioavailability. The integrated computational tool is a novel and robust methodology to
facilitate pharmaceutical formulation design.
© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

About 40% of marketed drugs and even 75% of developed
drug candidates can be listed in poorly water-soluble
drugs based on the Biopharmaceutical Classification system
(BCS) [1]. To solve this issue, pharmaceutical scientists
have developed multiple soluble formulations. In traditional
formulation design, to prepare a product with the desired
characteristics, the ratio of drugs and excipients and the
process parameters must be optimized [2]. The evaluation
of the oral absorption performance of dosage forms is an
essential perspective in the pharmaceutical industry, which
requires experimental validations [3]. However, the current
pharmaceutical formulation design mainly focuses on each
pharmaceutical researchers’ trial- and error approaches.
Also, the traditional formulation experiment is time- and
money- consuming, and it also wastes a massive amount
of materials. High-throughput screening technology based
on machine learning has been widely used in drug design
in the past decade [4], which brought continuous pressure
on the productivity of the formulation industry. Thus, to
develop accurate and straightforward methods in formulation
design becomes more and more critical in the pharmaceutical
industries [5].

With the rapid development of computer science and IT
techniques, recently various computational tools are growing
to be applied in drug formulation design [6], molecular
mechanism exploration [7] and in vivo prediction [8], which
provide rapid growth potential for the pharmaceutical
industry. Machine learning approaches, a subset of artificial
intelligence, are computerized algorithms that optimize
computer program performance based on the data or
previous experience [9]. In our previous works, we had used
various machine learning models to predict formulations
of oral disintegrating tablets [10], the physical stability of
solid dispersions [11] and the complexation performance of
cyclodextrins (CDs) inclusions [12]. These machine learning
models can provide us a good prediction to benefit the
formulation design.

To further explore the interaction between drug molecules
and excipients, molecular dynamic simulation can mimic
the behaviors of complex systems, molecular interactions,
aggregations, and diffusions for the complex system under
different pressures and temperatures at the atomic level [13].
These molecular details are challenging to be explored by
current characterization techniques, such as spectroscopic
analysis and X-ray diffraction [14]. By providing three-
dimensional structures of molecules, it is effortless for
scientists to understand the mechanisms between drugs and
CDs binary and ternary system, which plays an essential role
in drug design and provides a simplification for formulation
screening [15]. The ibuprofen-CDs binary systems and lutein-
CDs multiple component system were developed by molecular
modeling approaches in our previous study. The molecular
modeling results showed a high correlation with experimental
results and provided a reasonable explanation for the
molecular mechanisms [16,17].

In the preliminary screening of the drug formulation
process, the estimation of pharmacokinetic parameters for

each formulation before in vivo study is particularly critical.
The physiologically based absorption modeling (PBAM) can
predict the distribution of APIs in various organs and blood
depends on the physiochemical properties of the drug and
the route of administration [18], which is essential for the
assessment of the bioavailability of the formulation. As
the most critical part of formulation research, the in vivo
study could explore the performance of oral formulation
that is absorbed by the gastrointestinal tract and passes
through the liver to the systemic circulation. Sun et al
built the intravenous injection (i.v.) administration PBAM of
progesterone to predict the trend of its permeability with
different concentration of 2-hydroxypropyl-g-cyclodextrins
(HP-8-CD). The PBAM proved that the permeability of
progesterone could not decrease rapidly with a certain
amount of HP-8-CD [19]. Furthermore, Wang et al. constructed
the PBAM bicyclol immediate-release and control-release
tablets in the beagle dog and human improving the efficiency
of the formulation optimization in the clinical trials [20]. This
study aims to integrate various computational tools for CDs
formulation design. Andrographolide (AG), a high hydrophobic
drug (74pg/ml at 25 °C in water), was chosen as the model
drug. The binding free energy between six kinds of CDs and
AG by the lightGBM prediction model we built before [12].
Then, MD simulation investigated the complexation behavior
between AG and different CDs. Subsequently, PBAM was
used to predict pharmacokinetic parameters of pure AG, AG
dropping pill and AG-CD-TPGS ternary formulation. Finally, a
series of relative experiments were carried out to validate the
whole process simulation result.

2. Materials and methods

2.1.  Prediction of binding free energy between AG and
CDs by machine learning method

The physicochemical properties relative molecular descriptor
(molecular weight, complexity, logP and so on) of AG and
6 kinds of CDs were inputted into the lightGBM prediction
model we built before [12]. Then the prediction result of
binding free energy was obtained.

2.2.  Molecular modeling of AG-CD complexation

2.2.1. Model establishing for molecular modeling approaches
The structure of y-CD was obtained from Cambridge
Crystallographic Data Center, HP-8-CD, Me-8-CD and SBE-
B-CD were modified from the structure of p-CD obtained
from Cambridge Crystallographic Data Center by Discovery
Studio 2016 Client, the position of substituent was referred
to previous paper [21,22] The structure of AG was built
by Discovery Studio 2016 Client according to Chinese
pharmacopeia 2015. All the molecular structures were
optimized with a force field by Discovery Studio 2016
Client.

2.2.2. Docking simulation setting
AutoDock Vina is an open-source software to predict
the combination mode of 1:1 ligand-receptor interaction.
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Table 1 - Docking Simulation details of different AG-CDs systems.

X(A) Y(A) Z(A) Dimensions (A x A x A)
AG/y-CD —1.624 2.739 5.733 60 x 60 x 60
AG/HP-8-CD 3.048 1.411 4.735 60 x 60 x 60
AG/Me-8-CD 3.211 0.935 5.380 60 x 60 x 60
AG/SBE-B-CD 3.953 4.251 1.737 60 x 60 x 60

The AutoDock Tools package and AutoDock Vina was
used to build the initial structure of molecular dynamics
(MD) simulation [23]. In docking simulation, the semi-
flexible docking method was adapted to AG, and docking
coordinates and the search space center of CDs are shown
in Table 1. AG with different insertions in the direction
of CD would be performed in MD simulations as initial
structures.

2.2.3. Molecular dynamics simulation

The MD simulations were based on the AMBER 14 software
package with the general AMBER force field (gaff) for CDs and
AG. The initial structures obtained from docking simulation
were immersed in a water box with a 20A thickness
TIP3P water model with the general AMBER force field
(gaff) and the ff14SB force field in LEAP module of Amber
Tools 14. In the minimization procedure, the structures of
AG and CDs were subjected to 10 000 steps of solvation
energy minimization. The whole system was subjected to 20
000 steps of minimization. After minimization, the system
was heated to 310K, and the cutoff distance was 10.0A.
Then, 50ns MD simulations of 4 systems at 310K were
performed in the solvated system to simulate the molecular
mechanisms of AG-CD complexes. Constant pressure periodic
boundary with an average pressure of 1 atm was also
applied.

2.2.4. MM-PBSA calculation

The MM-PBSA method was commonly used to calculate the
binding free energy of the 1:1 ligand-receptor system [24,25].
And the average interactions between AG and CDs were
calculated using the last 500 snapshots structures from the
MD trajectory of the system. The binding free energy of AG-CD
inclusion complex (AG yinq) Was calculated by the free energy
of complex (AG ¢omplex) and the isolated AG (AG ) and CDs
(AG ¢p) as the following equations:

AG ping = AG complex — AG pg — AGcp (1)
AE MM = AE internal + AE vaw + AE electrostatic (2)
AE internal = AE pond + AE angle + AE torsion (3)

The Gibbs free energy (AG) was calculated by the enthalpy
(AH) and entropy with invariable temperature:

AG = AH — TAS )

2.3.  Physiologically based absorption modeling

2.3.1. Model structure
The PBAM models in the present work were built on MATLAB
2020a (The MathWorks, Inc., US) with the SimBiology APP.
Modeling for AG was based on the model structure, which
simplified the “Generic SimBiology PBPK model” (available on
https://www.mathworks.com/matlabcentral-/fileexchange/
37752-generic-simbiology-pbpk-model) by replacing the
three-compartment model of an original whole-body model
with digestion and absorption part unchanged. The resulted
model is like the compartmental absorption and transit
(CAT) model [26] or the advanced CAT (ACAT) model [27]. CD,
dissolved drug, and undissolved drug are considered in the
present model. The latter two species can transform into
each other by dissolution or precipitation process. The three
species transfer through the gastrointestinal tract divided
into compartments of the stomach and several intestine
segments. The free fraction of the dissolved drug in each
segment is calculated in real-time. The free drug can be
absorbed. After absorption, the drug undergoes distribution,
metabolism and excretion. The systemic disposition is
described by a classical three-compartment model.

The dissolution process of the drug is described in Eq. (5):

dMui
dt

Where My is for undissolved drug amount in each
segment, My for dissolved amount and k4 is dissolution rate
constant. S; represents the solubility in each segment, and
it is calculated according to the CD concentration in the
corresponding site and a result of the phase solubility test. In
the present work, the precipitation process is also modeled
using the same equation in the opposite direction.

Transfer of drug from one intestine segment to next one is
calculated as:

= —kg x My; x (S; — Mg;) (5)

dc
i —kyi x C (6)
Where ky; is the transport rate constant, i indicates each
single intestine segment, and C is the concentration of the
drug. For duodenum, jejunum and ileum, the transport rate
constant is calculated as:
L
kti = kts X fs (7)
i
Where ki is small intestine transport rate constant and
Ls is the length of small intestine while L; is the length of
specified small intestine segment.
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To calculate drug absorption of ternary formulation, a
permeability model, which is modified from the work of
Dahan et al. [28], has been used. The first step is to define the
free fraction of dissolved drug, that is the drug proportion not
bound to CD molecule:

D: = Df—i-Com; CD¢ :CDf—i-Com;

ke — Com slope )
¢ DyxCDy S x (1-—slope)’
F = D¢/Dx (8)

Where Dy, Dy, CDy, CDy and Com represent the concentration
of the total drug, free drug, total CD, free CD and drug-
CD complex, respectively; k. is the binding constant which
depends on the data of aqueous solubility and slope in phase
solubility test; S; was the aqueous solubility of the drug.
As it is assumed that only drug not bound to CD molecule
can be absorbed, the free fraction F is incorporated into the
calculating method:

dM 2
dtabl =Pegpoi x T My x F ©)

Where My, is absorbed drug amount; Py is effective
permeability in the absence of CD, which is often determined
by rat jejunum in situ perfusion test; r is intestine segment
radius. The product of Py and F can be regarded as
permeability in the presence of CD. Py multiplying with 2/r
results in the absorption rate constant (k).

The delivery of drugs from the gut to the central
compartment is mimicking transport via the portal vein. The
equations used here are complicated and known as Rodgers
& Rowland method [29,30]. The physiological parameters
required by this method share the same value as the original
model, while the needed drug properties like logP, unbound
fraction and blood plasma concentration ratio are newly
collected.

For systemic disposition, the drug is first absorbed into
the central compartment. The exchange of drug from central
(with index 1) to peripearal 1 (index 2) compartment is
modeled as first-order kinetic:

dMi,
dt

= klZ X M]_ — k21 X MQ (10)

And so does the exchange from central to peripearal 2
(index 3):

dt

= k13 X M]_ — k31 X M3 (11)

The metabolism of the drug from the central compartment
is like:

% = —kip x M3 (12)

At the initial step, the amount of drug and CD in all
compartments except for in the stomach is set to 0. The initial
CD amount in the stomach is the same as that is used in the
formulation. And the initial dissolved and undissolved drug
amount in the stomach is calculated according to solubility in
the presence of CD in the formulation.

2.3.2.  Modeling for andrographolide

The simulation’s parameters were mainly maintained
unchanged as the original generic PBAM in SimBiology,
except for what is mentioned below. The intestine
segment radius was extracted from the PK-Sim database
(Open System Pharmacology, available on http:/www.
open-systems-pharmacology.org/). The effective permeability
of AG in each intestine segment was referred to the rat in situ
intestinal perfusion test result [31]. However, permeability
values reported in this work are in dimensionless form.
Restoring the permeability to its actual value requires, on
the other hand, identifying the intestinal radius, and on
the other hand, the required diffusion coefficient of AG was
calculated as 3.11 x 10~cm?/s by PK-Sim. Blood plasma
ratio and logP were also determined by PK-Sim. Plasma
unbound fraction 0.35 was taken from the literature [32].
AG is considered a neutral compound since its solubility
does not change significantly in a pH range [33], so that
parameters pK, or pK;, were neglected. The PBAM was built
based on the dissolution profile with pH 6.8 PBS. Solubility
and dissolution rate constant for each formulation was fitted
to corresponding dissolution test result in previous work
in the first place, except for ternary formulation, where
741ng/ml [34] was used as aqueous solubility and to calculate
real-time solubility. Dosed solid drug and dissolved drug were
calculated according to solubility before administration. To
make simulation more accurate, transport rate (k:) of the
colon was fitted to pure AG formulation PK profile to grasp
the later part of curve better, and this transport rate has been
maintained in next two formulations. After absorption, AG
undergoes a systemic disposition process, wherein associated
parameters were determined by fitting to 5mg/kg i.v. data
[35] in advance. The parameters used in AG modeling are
listed in Table 2.

2.4. Experimental validation

2.4.1. Materials and reagents

AG was purchased from Yibinyirui Chemical Industry
CO. LTD. (Sichuan, China). «-CD, B-CD, y-CD, HP-g-CD,
Me-B-CD, D-a-Tocopherol polyethylene glycol succinate
(TPGS) and resveratrol (Internal standard) were purchased
from Shanghai Aladdin Bio-Chem Technology. CO. LTD.
(Shanghai, China). SBE-B-CD was purchased from Hubei
Tuochukangyuan Chemical Industry. CO. LTD. (Hubei,
China). 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium
bromide (MTT), dimethyl sulphoxide (DMSO) and poloxamer
407 (P407) were purchased from Sigma-Aldrich (St. Louis, MO).
Commercial dripping pills of AG (150 mg), used as a reference,
were purchased from TASLY Holding Group. CO. LTD. (Tianjin,
China). HPLC grade methanol was purchased from Merck
Company (Darmstadt, Germany). All materials for cell culture
were obtained from Life Technologies Inc. (GIBICO, USA).
Other reagents and solvents for the study were of analytical
grade.

2.4.2. Phase solubility study

The phase solubility investigation was carried out in an
aqueous medium as the method reported by Higuchi
and Connors previously [36]. Briefly, an excess amount
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Table 2 - Parameters used in AG modeling.

Pure Dropping pill  Ternary
CD molecular weight (g/mol) - — 1297.13
AG molecular weight (g/mol) 350.46
AG logP 3.04
Unbound fraction 0.35
Blood plasma ratio 2.76
Dissolution rate (ml/h/mg) 8.87 55.95 383.44
Aqueous solubility (mg/1) 37.45 39.89 74.59
Slope - - 0.4653
Intercept (mmol/l) - - 0.4409
Pesro_duodenum (cm/s) 1.27 x 1074
Peffo_jejunum_1 (cm/s) 5.7 x 10~
Peffo_jejunum_2 (cm/s) 5.7 x 10—
Pesro_ileum_1 (cm/s) 1.86 x 10—
Pesro_ileum_2 (cm/s) 1.86 x 10>
Pesro_ileum_3 (cm/s) 2.58 x 10—°
Pesro_ileum 4 (cm/s) 2.58 x 10~
Pesfo_colon (cm/s) 4.08 x 107
Central (ml) 1.46 x 103
Peripheral 1 (ml) 6.00 x 10°
Periperal 2 (ml) 1.00 x 103
Kp (h7Y) 1.29
Ko (hil) 0.27
K13 (hY) 45125
K1 (h~Y) 7.0938
Kio (h1) 0.7518
K¢_stomach (h~1) 2.00
K:_small intestine (h~%) 5.12
K¢_colon (h~1) 718.70

of AG (5mg) was added to 1ml aqueous CDs solution
with various concentrations ranged from 0 to 15mM,
respectively. The sealed glass vials were shaken on a
mechanical shaker at 37 °C for 48h to reach the state of
equilibrium. After that, all the samples were filtered by
0.45 pm cellulose acetate membrane immediately. The filtrate
was analyzed by Agilent 1200 series HPLC system (Agilent,
USA). The conditions of HPLC were list in supplementary
materials.

The apparent stability constant (K) was used to compare
the affinity between drugs and different CDs [37,38]. The K
value of AG-CDs complexes with 1:1 stoichiometric ratio can
be calculated in equation from the phase solubility curve Eq.
13. In addition, the Gibbs free energy (AG) can be obtained by
K1.1 value using Eq. 14.

Slope

K11 = (1 slope)

(13)

Where Sy was the aqueous solubility of AG, the slope
was obtained using linear regression between the molar
concentrations of AG versus CDs in water.

AG = —RTIHKL]_ (14)

Where R was the gas constant, T was Kelvin temperature
and Kj;; was the apparent stability constant of AG-CDs
complexes with a 1:1 stoichiometric ratio.

2.4.3. Formulation screening of AG-CDs binary system

Low aqueous solubility of AG was the main factor that limited
its bioavailability, as mentioned before. In this study, the AG-
CDs binary systems were designed to enhance the solubility
of AG, which consisted of AG and different CDs with the molar
ratio of 1:1 or 1:2, respectively. Briefly, the required amount y-
CD was dissolved in a distilled water to get a clear solution.
AG powder was added to the solution in a different molar
ratio (1:1 or 1:2) and ground for 2h until forming the paste.
Then the mixture was placed under 50 °C in the vacuum
oven to evaporate water. The dried substance was pulverized,
sifted through an 80 mesh sieve and stored for the following
analysis. The saturated solubility of AG-CDs complexes was
detected for the formulation screening by HPLC analysis (the
conditions of HPLC were list in supplementary materials).

2.4.4. Cell culture

Madin-Darby canine kidney cells transfected with the
multidrug resistance 1 gene (MDCK-MDR1) cells were a kind
gift from Prof P Borst (the Netherlands Cancer Institute,
Amsterdam, the Netherlands). The use of MDCK-MDR1
was approved by the Institute of Chinese Medical Sciences,
University of Macau, for research purposes. MDCK-MDR1 cells
were cultured in a dulbecco’s modified eagle medium (DMEM)
with antibiotics, including 1% penicillin and streptomycin
(P/S), 10% heat-inactivated fetal bovine serum (FBS) at 37 °C in
an atmosphere of 5% CO, and 95% relative humidity.

2.4.5. Invitro cytotoxicity assay

The cytotoxicity of MDCK-MDR1 cells was investigated by
MTT assay [39]. Cells were seeded on 96-well plates at
1x10* cells/well in 100 pl of medium and allowed to
adhere overnight. After that, cells were treated with indicated
concentrations of AG, AG/y-CD complexes and AG/y-CD
complexes with different P-glycoprotein (P-gp) inhibitors for
3h. Then cells were washed with HBSS and incubated with
100 pl per well of freshly prepared MTT dye for another 4h.
Next, 100 pl of DMSO was added into each well to dissolve the
formazan crystals. The cell viability was measured based on
the absorbance at 530nm. The experimental concentrations
for all tested samples were less than the maximum nontoxic
concentrations (cell survival >90% compared with the control

group)

2.4.6. Cellular uptake

The effect of various P-gp inhibitors on restraining drug efflux
was assessed by determining cell uptake of AG in MDCK-MDR1
cells. In brief, the MDCK-MDR1 cells were seeded on 6-well
plates at 5x 10° cells/well and allowed to adhere overnight.
After reaching 80% confluence, the medium was replaced
by 100pM AG in the absence or presence of 200puM y-CD
and 1% of four P-gp inhibitors (Tween 80, TPGS, P407 and
Cremphor® EL). The same concentration of AG commercial
dripping pills was used as the positive control. All the samples
were incubated at 37°C in an atmosphere of 5% CO, and
95% relative humidity for 90min. After that, the cells were
washed with ice-cold PBS solution three times and lysed in
100 pl 1% Triton X-100. The content of AG in the lysate was
determined by HPLC analysis (the conditions of HPLC were list
in supplementary materials).
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2.4.7. Preparation of AG-CD-TPGS ternary formulation
AG-CD-TPGS ternary formulation was carried out by the
grinding method with the molar ratio of 1:2. Briefly, 1% of TPGS
was dissolved in a minimum amount of water and sonicated
for 30min. y-CD was mixed with the former solution in a
mortar, and AG powder was added to the suspension and
ground for 2h until forming the paste. Then the mixture was
placed under 50 °C in the vacuum oven to evaporate water.
The dried substance was pulverized, sifted through an 80
mesh sieve, and stored for the following analysis. The physical
mixture was prepared with the same ratio in the optimal
AG-CD-TPGS ternary formulation by uniformly mixing all the
components in a sealed container.

2.4.8. Characterization

The thermal characters of AG, y-CD, TPGS, physical mixture
and AG-CD-TPGS ternary system were recorded using
a differential scanning calorimetry system (DSC-60A,
Shimadzu, Japan). All the samples (3mg) were weighed
accurately and encapsulated in aluminum pans. The
temperature range was set from 30 to 250 °C with a heating
rate of 10 °C/min under nitrogen. Aluminum oxide was
used as a reference standard. The FTIR spectra of AG, y-CD,
TPGS, formulation physical mixture, and AG-CD-TPGS ternary
formulation were recorded with a fourier transform infrared
spectrometer (Spectrum 100, PerkinElmer, America) in the
scanning range of 4000400 cm~! at the resolution of 2 cm™1.
NMR spectroscopy has been previously used to establish
inclusion modes and stoichiometries [40,41]. '"H NMR spectra
of AG, y-CD and AG-CD-TPGS ternary formulation were
recorded at 25 °C with a Bruker ultra-shield 600 plus NMR
spectrometer (Bruker, Germany). Deuterium oxide (D,0) was
used as the solvent.

2.4.9. Dissolution study

The dissolution profile was commonly applied for describing
drug release in vitro. In this study, the dissolution study of
AG, physical mixture, AG-CD-TPGS ternary formulation and
commercial AG dropping pills were performed with a fully
automated dissolution tester (DT700, ERWEKA, Germany).
According to Ch.P 2015 Apparatus II, the dissolution test
method was employed at paddle rotational with a speed of
75rpm at 37 +£0.5 °C. 1000ml distilled water, 0.1 mol/l HCl
solution, pH 6.8 phosphate buffer solution (PBS) and 1%
sodium dodecyl sulfate solution (SDS) were chosen as the
dissolution medium. 150mg AG or other samples equivalent
to 150 mg AG were added into 1000 ml dissolution medium,
and 5ml aliquots were withdrawn at predetermined time
intervals (5, 10, 15, 20, 30, 45 and 60 min). The same volume of
fresh medium was added immediately to maintain a constant
volume. All the withdrawn samples were filtered through
0.45 pm filters for HPLC analysis (the conditions of HPLC were
list in supplementary materials).

2.4.10. Cell-based transwell transport study in MDCK-MDR1
monolayer

A transwell model with MDCK-MDR1 cells was designed to
mimic the uptake and efflux process in intestinal cells. Briefly,
MDCK-MDR1 cells were cultured onto polycarbonate inserts

(22.74mm ID, 0.4 pm pore size, 4.06 cm? of the growth area,
SPL Life Sciences Co., Korea) with a seeding density of 5 x 10°
cells/well and cultured for 7 d prior for transport study. The
media was changed every other day for the first 4 d and then
every day after that. The transepithelial electrical resistance
(TEER) at 37 °C was measured with an epithelial voltohmmeter
(World Precision Instruments, Inc., FL, UK) to confirm the
integrity of monolayers. Those monolayers with TEER values
higher than 140 ohms could be employed for the following
study.

The transport experiment was conducted in Hank’s
Balanced Stock Solutions (HBSS) at 37°C. Before the
experiment, MDCK-MDR1 cell monolayers were rinsed
twice and equilibrated with HBSS buffer for 30 min. The HBSS
volumes in the apical (AP) and basolateral (BL) chambers were
1.5ml and 2.6 ml, respectively. Then 20uM AG, AG-CD-TPGS
ternary formulation or dropping pills containing 20 pM AG
in HBSS were loaded onto AP side or BL side to study AP-
BL and BL-AP transfer. 1ml samples were collected at the
opposite side at 15, 30, 45, 60, 90 and 120 min, and the same
volume of blank HBSS was added to the receiver chamber.
All the samples were analyzed by HPLC (the conditions of
HPLC were list in supplementary materials). Permeability
coefficient (Papp) and efflux ratio (EfR) were calculated using
the following equations reported previously 3°.

AR/At
Papp = —— 15
app = g0 (15)
Where AR/At was the rate of AG appearance in the receiver
chamber, S was the surface area of membrane (4.71 cm? in
this study), and Cpp was the initial concentration of AG in the
donor side at time zero.

Papp (BL — AP)

EfR =
f Papp (AP — BL)

(16)

Where Pgpp (BL-AP) and Papp (AP-BL) were the permeability
values in secretory and absorptive directions, respectively.

2.4.11. In vivo pharmacokinetic study

Sprague-Dawley (SD) rats were used for the pharmacokinetic
study. The experiment protocols and procedures were
approved by Animal Ethical Committee at the Institute of
Chinese Medical Sciences, University of Macau, Macao SAR,
China (UMARE-029-2016), and were performed with the
Guide for the Care and Use of Laboratory Animals. All the
rats were fed under standard laboratory conditions (standard
laboratory diet, the controlled temperature of 20-22 °C and
50% relative humidity with 12 light/dark cycle). The day before
drug administration, an intubation operation was performed
for the rats with polyethylene catheters (0.4 mm I.D., 0.8 mm
O.D., Portex Ltd., Hythe, Kent, England) on the right jugular
veins under anesthesia with 10% chloral hydrate. After the
operation, the rats were recovered individually and fasted for
12h with free access to water.

Eighteen male surgically cannulated SD rats (300+20¢g)
were randomly divided into three groups. Each group was
administrated with cruder AG, commercial AG dropping pills
and AG-CD-TPGS ternary formulation separately. A dose of
nearly 12mg AG (40mg/kg of body weight) was performed
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Table 3 - The comparison between the predicting and experimental results.

System Cavity diameter AG Phase Solubility Parameters Fold-error
of CDs (A kJ/mol)-lightGBM
@ (k/mol)-lig Ke (M) R? AG (KJ/mol)

AG/a-CD 53 -12.51 e —_— e

AG/B-CD 6.5 —17.55 —_— — —_—

AG/y-CD 8.3 —18.84 4088.60 0.9978 —21.43 0.88
AG/HP-8-CD 6.5 -17.92 1407.39 0.9897 —18.68 0.96
AG/ME-B-CD 6.5 —17.48 1666.28 0.9952 —19.12 0.91
AG/SBE-B-CD 6.5 -17.07 1088.52 0.9936 —18.02 0.95

via gastric gavage. 0.3ml blood samples were manually
withdrawn into heparin-coated tubes from the right jugular
vein via the cannulated catheter at 0.25, 0.5, 0.75, 1, 2, 3,
4, 6, 8, 10, 12 and 24h after drug administration. The same
volume of heparinized saline was injected into rats after each
sample collecting to maintain a constant blood volume. All
the obtained blood samples were centrifuged at 5 000 rpm for
10min, and the plasma samples were stored at —80 °C for
further analysis.

The plasma sample preparation was performed according
to the previous publication with several modifications [42].
Briefly, 20 pl internal standard (resveratrol, 10pg/ml) was
added into 100 pl plasma samples. After vortex mixing, 1ml
ethyl acetate was added into the mixture mentioned above
and vortexed for 3min. Then, samples were centrifuged at
5 000rpm for 10 min. The clear supernatant was transferred
into a plastic centrifuge tube and evaporated under a
vacuum drying oven at 45 °C. Finally, the dried residue
was reconstituted with 100 pl methanol and for HPLC-
MS analysis. The HPLC-MS analysis was performed on a
Waters e2695 Alliance separations module equipped with a
Waters 2998 photo-diode array detector (PDA, Waters, USA)
coupled to a mass single-quadrupole detector (QDa, Waters,
USA). The conditions of HPLC-MS were list in supplementary
materials. The pharmacokinetic parameters were calculated
by MonolixSuite 2020R1 (Lixoft, France).

2.4.12. Statistical analysis

Each experiment was performed in triplicate and was
repeated for at least thrice. All the results were expressed as
mean =+ SD. Statistical significance was evaluated by Student’s
t-test using IBM SPSS Statistics 22 software. The differences
were considered statistically significant with a value of P <
0.05.

3. Results and discussion

3.1.  Comparison of the prediction and experimental
results of binding free energy

3.1.1. The prediction result by lightGBM method

The result of the machine learning and phase solubility
study was exhibited in Table 3. As shown in the result of
lightGBM, AG/y-CD was the most stable system with the
lowest binding free energy (—18.84kJ/mol). Moreover, the
binding free energy of AG/B-CD, AG/HP-B-CD, AG/ME-B-CD

and AG/SBE-B-CD were from —17.07 to —17.92kJ/mol, which
was approximate while AG/«-CD was the unstable inclusion
system with the largest AG (—12.51kJ/mol). The difference
of AG between the prediction value and experimental value
ranged from 0.88 to 0.95 fold which showed that this
lightGBM model could accurately predict AG-CDs’ binding
energy.

According to our previous LightGBM prediction model [12],
the top five important features included minimum projection
radius_x, solvent accessible surface area_x,complexity_x,
XLogP3_x and maximum projection radius_x. While both
minimum projection radius_x and maximum projection
radius_x were molecular size relative descriptors of APIs,
solvent-accessible surface area_x described the surface area
of drug molecules available to the solvent and XLogP3_x was
oil-water partition coefficient. The previous study indicated
that the smallest end in drug molecule size played a crucial
role in predicting free binding energy [12]. As Table 3 showed
that, y-CD and «-CD had the largest and the smallest cavity
diameter (8.3 A and 5.3 A), while the rest of CDs exhibited the
same size of cavity diameter. The minimum projection radius
and maximum projection radius of AG were 4.55 A and 7.39 A.
Thus, only y-CD could accommodate both the largest end and
smallest end of AG. Houk et al. [43] found a linear relationship
between the buried areas of drugs and binding energy, and
67 A? of the accessible surface area of a guest molecule
could insert with 4.19 kJ/mol binding energy. Furthermore, the
buried areas could be calculated by subtracting the solvent-
accessible surface area of free drug and bound drug. Also,
Complexity is defined as topological complexity, included
the number of atoms or bonds, branching and cyclization,
etc., which express the compatibility of drug molecules and
CDs. XlogP3 represents the degree of hydrophile and lipophile
of drugs, affecting the binding affinities in different CDs by
hydrophobic interaction.

Compared with the experimental results, the binding
energy of the lightGBM prediction model showed a similar
trend. In this model, the prediction of binding energy could be
used as the primary screening method before phase solubility
experiments.

3.1.2. Phase solubility study

The phase solubility diagram of AG with different CDs was
shown in Fig. 1. The typical HPLC chromatograms of AG were
shown in Fig. S1. Considering in this diagram, the solubility
of AG increased linearly due to the formation of inclusion
complex between AG with y-CD, HP-8-CD, Me-8-CD and SBE-
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Fig. 1 - Phase solubility diagram of AG with different CDs in
distilled water at 37 £0.5 °C.

B-CD, individually. It was clear that the solubility diagram of
AG in the presence of these four CDs indicated the Ap type
and formed a 1:1 complex [44]. The solubility of AG increased
with the concentration of g-CD increasing initially, while
it remained stable after the concentration of 8-CD reached
3mM and decreased with the further addition of g-CD. It
may be attributed to the low aqueous solubility of the AG/g-
CD complex, which belonged to the BS type and reported
in previous research. The solubility of AG was not enhanced
significantly with the attendance of «-CD, which might due to
the smallest inner diameter compared with other CDs.

The calculation results of K¢, RZ and AG value were shown
in Table 3. The stability constant of AG/y-CD was significantly
higher than the other three systems with an order of y-CD
(4088.6M~1) > Me-B-CD (1666.28M~1) > HP-4-CD (1407.39M"1)
> SBE-8-CD (1088.52M~1). The higher KC suggested a more
stable complex had been formed between AG with CDs.
All the negative binding free energy showed spontaneous
and exothermic processes for the formation of AG-CDs
complex.

3.1.3. Formulation screening of AG-CDs binary system

Since the «-CD and g-CD did not significantly enhance AG’s
solubility, the other four types of CDs were considered in the
formulation screening. AG-CDs complexs with the ratio of 1:1
and 1:2 were prepared by the grinding method. The saturated
solubility of different formulations was shown in Fig. 2.
AG exhibited very low saturated solubility (74.59 pg/ml) in
distilled water. Compared with pure AG, all the formulations
enhanced AG solubility. Besides, AG-CDs complex with a ratio
of 1:2 showed more significant solubility improvement than
those with a ratio of 1:1. Among the AG-CDs systems, the
AG/y-CD complex in the ratio of 1:2 exhibited the highest
AG solubility and reached 2990.2pg/ml, which increased
approximately 40 folds than pure AG. Therefore, the AG/y-CD
binary system with the ratio of 1:2 was regarded as the optimal
formulation for the enhancement of AG solubility.

3500 -
AG:CD=1:1
AG:CD=1:2
3000 -
E 2500
[T}
k=
2 2000
§
5 1500
wv
(G)
< 1000 4
500 -

yCD  HPBCD MeBCD SBE-B-CD

Fig. 2 - AG saturated solubility of different formulations in
distilled water at 37 +0.5 °C.

3.2 The molecular mechanism of AG-CDs

3.2.1. Molecular modeling of AG-CDs binary system

The final structure of the AG-CDs binary system predicted by
MD simulation was shown in Fig. 3. According to different
inclusion types, two possible structures of AG-CDs complex
were exhibited, and the calculation of binding free energy for
each reasonable structure by MMPB-SA method was listed in
Table 4. The possible structure of AG-CDs binary system with
the lowest binding free energy would be considered the most
stable structure. According to the MD simulation predicting
results, it seemed that the AG-CDs binary system could form
both of two possible inclusion types complex except for the
Me-B-CD, which showed the lactone ring in the CD cavity was
not accepted. Also, based on the calculation results of binding
free energy, the most stable structure of the AG/y-CD complex
was the lactone ring resisted into y-CD inner cavity, while the
others showed the decalin ring in the CDs cavity. This might
be attributed to the different diameters of the inner cavity
between y-CD and other g-CD derivatives.

3.2.2. Characterization analysis

The thermograms of pure AG, y-CD, TPGS, physical mixture
and AG-CD-TPGS ternary formulation were presented in Fig.
4A. AG presented a single endothermic peak at 239 °C,
which indicated the melting point of crude AG. A broad
endothermic peak at the range of 60-100 °C was shown for
y-CD. This may be attributed to the dehydration process
of y-CD with the temperature increasing. TPGS exhibited a
characteristic peak at 36.05 °C. The intensity of the AG melting
peak weakened in the physical mixture and disappeared in
the AG-CD-TPGS ternary formulation, which indicated much
loss of its crystallinity and existed in the amorphous state.
Fig. 4B showed the FTIR spectra of pure AG, y-CD, TPGS,
physical mixture and AG-CD-TPGS ternary formulation at the
wavelength of 400-4000 cm~!. The characteristic absorption
peaks arising from the double bond of carbon (1675 cm™1),
carbonyl (1727 cm™!) and methylene (2958 and 2979 cm™?)
were observed at pure AG. However, the intensity and shape
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Fig. 3 - Final structure of AG-CDs binary system with different directions predicted by MD simulation. (A) The lactone ring in

CD cavity and (B) the decalin ring in CD cavity.

Table 4 - CGalculation of binding free energy by MMPB-SA for AG-CDs binary system.

AG/y-CD AG/HP-8-CD AG/Me-g-CD AG/SBE-g-CD
Direction A B A B A B A B
AEgig (kcal/mol) —9.66 —6.38 —-12.94 —-10.13 N/A —10.09 —11.43 —12.49
AEypw (kcal/mol) —34.49 —31.90 —36.87 —34.85 N/A —30.85 —31.68 —-33.31
AEgas (kcal/mol) —44.15 —38.28 —49.81 —44.97 N/A —40.94 —43.11 —45.79
AH (kcal/mol) —25.81 —21.76 —20.35 —24.54 N/A —22.99 -17.02 —20.55
T x AS (kcal/mol) —-16.92 —16.76 —13.76 —17.53 N/A —14.06 —13.38 —13.78
AG (kcal/mol) -8.89 —5.00 —6.59 —-7.01 N/A -8.93 —3.64 —6.77
AG (kJ/mol) —37.20 —20.92 —27.57 —29.33 N/A —37.36 —15.23 —28.32
A AG-CD-TPGS temary B AG-CD-TPGS temary c ‘ AG
M T~ wY
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Fig. 4 - The characterization patterns for (A) DSC thermograms for AG-CD-TPGS ternary formulation, physical mixture, TPGS,

y-CD and pure AG; B FTIR spectra of AG-CD-TPGS ternary fo rmulation, physical mixture, TPGS, y-CD and pure AG; C 'H

NMR spectra of pure AG, y-CD and AG-CD complex.

of these characteristic peaks weakened or disappeared in
the AG-CD-TPGS ternary formulation. Furthermore, compared
with the physical mixture, some typical peaks of AG in
the AG-CD-TPGS ternary formulation also exhibited slight
flattening, broadening and shifting. FTIR results indicated
host CD molecules restricted the vibrating and bending of
guest AG molecules due to the AG-CD complex formation.
Also, both the lactone ring and decline ring in AG were likely
inserted into the CD cavity based on the IR result, agreed with
molecular modeling prediction. The 'H NMR spectra of pure
AG, y-CD and AG-CD-TPGS ternary formulation were shown in

Fig. 4C. The presence of TPGS did not influence the spectra to
the low concentration. The chemical shift of H-3 (3.942 ppm)
and H-5 (3.862ppm) in y-CD showed a significantly up-field
shift to 3.909 ppm and 3.805 ppm, respectively. Because the
proton of H-3 and H-5 was in the cavity of CD, when the
guest molecule entered into the CD cavity, the chemical shift
would have a noticeable change, which provided evidence
of the formation of the complex [45]. Besides, compared
with pure AG, the hydroxyl (5.152ppm) in lactone ring and
H-12 (7.025ppm) of the AG-CD complex exhibited an up-
field shift to 5.116 ppm and 6.899 ppm, respectively, which
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Cell uptake (nmol/mg protein)

Fig. 5 - Influence of P-gp inhibitors on cellular uptake of AG
by MDCK-MDR1 cells incubated at 37 °C for 90 min. * P <
0.05, **P < 0.01 v.s. AG group.

showed the lactone ring might enter the CD cavity. However,
the H-19a (4.064 ppm) and H-19b (3.493 ppm) in the decalin
ring also showed a slightly up-field shift to 4.046 ppm and
3.396 ppm. It seemed that the decalin ring might also reside
in the CD cavity. In conclusion, the NMR results indicated
the guest molecule (AG) inserted into the cavity of the host
molecule (CD) and formed AG-CD complex. Both the lactone
ring and the decalin ring had the opportunity to enter
the cavity of CD and formed the mixture of two different
types of complexes. The information on the structure of the
AG-y-CD obtained by NMR validated the result of the MD
simulation.

The MD simulation was used as the in silico characterizing
approach to explore the molecular mechanism of AG-
CDs before the physical characterization. It can provide
the structural, dynamic and energetic information of the
interaction between drugs and excipients. However, the MD
simulation is limited by the accuracy of the force field,
the starting model and computing capability. Thus, the MD
simulation methods should be applied together with physical
characterization analysis.

3.3.  Invitro study

3.3.1. Cellular uptake

P-gp excretion in the terminal intestine was another factor
that limited the oral bioavailability of AG. Thus, the cellular
uptake study aimed to screen the best-performing P-gp
inhibitor among four representative inhibitors. The cellular
uptake experiment results were shown in Fig. 5 The results
indicated that all the formulations and commercial dropping
pills exhibited higher cellular uptake of AG compared with
the AG group. In addition, the presence of four P-gp inhibitors
increased the intracellular accumulation of AG. Among these
four P-gp inhibitors, TPGS presented the most potency
on increasing cellular uptake, which reached 1.04 nmol/mg
protein. Therefore, TPGS was selected for the composition of
the AG-CD-TPGS ternary system.
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Fig. 6 - Dissolution profiles of pure AG, commercial
dropping pills, physical mixture and AG-CD-TPGS ternary
system in (A) 0.1 M HC], (B) pH 6.8 PBS, (C) pure water and
(D) water with 1% SDS.

3.3.2. Dissolution study

The in vitro drug release of pure AG, commercial dropping pills,
physical mixture and AG-CD-TPGS ternary system in four
different dissolution media were shown in Fig. 6. It was clear
that the changing of pH did not exhibit a significant influence
for AG release. Because of the low solubility of AG in distilled
water, only 17% of pure AG released in different pH media. The
accumulative releasing of the physical mixture was higher
than pure AG, which may be attributed to the formation of in
situ soluble complex in the dissolution medium. Commercial
dropping pills enhanced AG release to nearly 40% to form
solid dispersion and increased the specific surface area. AG-
CD-TPGS ternary system provides a significant improvement
in dissolution rate, which showed the a 2.2-fold and 5.3-fold
increase in drug release than commercial dropping pills and
crude AG, respectively. All the samples showed higher drug
release in the 1% SDS dissolution medium compared with
other mediums. The SDS in the dissolution medium played
a surfactant role and enhanced the dissolution rate. Briefly,
the AG-CD-TPGS ternary system exhibited the highest drug
release in all mediums, which contributed to inhibiting the
crystallization of AG in dissolution progress.

3.3.3. Transepithelial transport of AG

To evaluate the effect of P-gp excretion, the transepithelial
transport of crude AG, commercial dropping pills and AG-
CD-TPGS ternary system across the MDCK-MDR1 cells were
administrated. The permeability coefficient and efflux ratio
were summarized in Table 5. The EfR value of 10.42
indicated a substantial efflux of AG in MDCK-MDR1 cell
model at a concentration of 20uM. Commercial dropping
pills did not provide noticeable enhancement for the P-
gp efflux. However, the secretory permeability coefficient
(Papp BL-AP 2.41+0.29 x 10-®cm/s) for the AG-CD-TPGS
ternary system was only 4.15-fold than its absorptive
permeability coefficient (Papp AP-BL 0.58+0.04 x 106 cm/s),
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Table 5 - Comparison of P,y and EfR of AG (20 pM) across
MDCK-MDR1 cell monolayer in AG, commercial dropping

pills and AG-CD-TPGS ternary system.

Papp AP-BL(x 10~¢, Papp BL-AP(x 1075,

Samples cm/s) cm/s) EfR
AG 0.474+0.04 4.904+0.05 10.42
Dropping pills 0.54+0.03 4.42+0.38 8.22
AG-CD-TPGS ternary.58+0.04* 2.41+0.29% 4.15
system

Notes: Data presented as mean =+ SD (n=3). *P <0.05) between AG-
CD-TPGS ternary system and AG group (AP-BL).

# P <0.01 between AG-CD-TPGS ternary system and AG group
(BL-AP).

which exhibited a significant inhibition for AG efflux.
Furthermore, in comparing crude AG, the considerable
difference between increasing absorption and decreasing
efflux was obvious. It meant the new AG formulation had an
effective influence on inhibiting the P-gp excretion and very
likely enhanced the bioavailability for AG.

3.4.  The physiologically based absorption modeling
prediction

A desired pharmacokinetic behavior is expected in
formulation design. PBAM can be used to predict the PK profile
of candidate formulations. In the present work, the enhanced
absorption is the supposedly dominant improvement of CD
formulation. After absorption, the drug disposition, such as
distribution, metabolism, and excretion, is out of the primary
concern. Thus, a physiologically-based absorption model
was used to handle the factors in formulations impacting
the absorption, and the disposition was reduced to a three-
compartmental model. This combined PBAM is commonly
used in oral formulation investigations [3,46]. In the present
work, the PBAM has been refined to consider the free drug
fraction in CD formulation because only drug molecules that
are not trapped in the CD’s cavity can be absorbed [28]. For
the pure AG and dropping pill simulation, F is always equal
to 1 because no CD is administrated concomitantly, and
absorption is based on fixed permeability. However, for the
formulation containing CD, only drug molecules that are not
trapped in the CD’s cavity can be absorbed [28]. Therefore,
permeation is influenced by a drug-free fraction. In this
model, F is continuously calculated according to real-time
CD concentration in each intestine segment during the
simulation so that AG absorption, which can be judged as
a product of permeability, and F is adjusted continuously.
Modeling for ternary formulation ignores the impact of TPGS
because it was added to ameliorate the efflux effect of P-gp
protein, but investigation [31] has found the P-gp does not
show a significant effect on AG in the duodenum and the
jejunum, which are the main site where AG is absorbed.
The rat PBAM prediction of AG formulation using MATLAB
SimBiology APP against observed data is shown in Fig. 7A-7H.
After parameters fitted to i.v. data, this model was used to
simulate pure formulation. The initial result (not displayed)

A —— Simulation: i.v. E o
- Observation: .. —— Simulation: iv.
- Observation: ;..

£
e
§ a0
£
£
g 1
Q
<

100

5 10 15 20 25 01
] 5 10 15 20 25

B —— Simulation: AG

60 - == - Observation: AG F 100 —— Simulation: AG

- = - Observation: AG

g 50
% w]
g 304)
° ®
<
10
0
5 10 15 20 2 01
o 5 10 15 2 2
C —— Simulation: DP e
140 -~ Obsenvaion: 0P (5 - Simulaton: 0P
R -ty
’-E -
2 £
<
H 2
£ g
g %
g 3 4]
Q
o 5 10 5 2 2 o1 T - - ps o)
D= —— Simulation: FOR on:
" Simulation: FOR
- = - Observation: FOR HW - = - Observation: FOR
£ =
£ E
g 2
£ z 10
é 2
3 8
2 8
Q
<
01
o 1 e 2 * 5 10 15 20 2
Time (h) Time (h)
| 250
F250 —=—AG
—e—DP
= 2200 —
€ 200 FOR
E 150
100
£ 150
= o 50
c
8 )
£ 100
S
7}
<

Time (h)

Fig. 7 - The comparison between observed PK points and
simulated PK profiles along with fractional absorption of
AG in some intestinal segments of (A) i.v. AG, (B) oral AG, (C)
oral DP and (D) oral FOR in linear scale and (E) i.v. AG, (F)
oral AG, (G) oral DP and (H) oral FOR in log scale; And (I)
mean plasma concentration-time curve of pure AG,
commercial dropping pills and AG-CD-TPGS ternary system
after oral administration of 40 mg/kg BW in SD rats. Data
presented as mean # SD (n = 6). (AG, andrographolide; DP,
dropping pills; FOR, formulation).

showed the predicted shape and peak of the curve was
accurate, but the tail is higher than observed data, so colon
transport rate constant was further fitted, and the result
is given in Fig. 7A-7H. After that, all parameters except for
formulation type specific ones were maintained unchanged
and simulate AG dropping pill and formulation with CD.
Visual inspection shows this model has good accuracy,
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Table 6 - Pharmacokinetic parameters of pure AG, commercial dropping pills and AG-CD-TPGS ternary system after oral

administration of 40 mg/kg BW in Sprague-Dawley rats.

DP FOR

Parameters AG
Crmax (ng/ml) 57.78+14.79
Tmax (h) 1.33+0.52

AUC.; (ngeh/ml)
AUC. (ngeh/ml)

351.38+56.51
426.22+76.78

Frel(%) /
Ty (h) 9.72+1.38
Az (1/h) 0.072+0.0093

197.08+56.50**
0.63+£0.14*#*
950.59+257.58**
1113.734308.98"##

134.36+15.61
0.96+0.10

605.00+£82.56
732.92+68.65

171.96 261.30
11.04+3.32 9.25+3.15
0.068+0.023 0.084+0.033

Notes: Data presented as mean + SD (n = 6). **P <0.01 between FOR and AG group. #P <0.05. ##P <0.01 between FOR and DP group; Abbreviations:

AG, andrographolide; DP, dropping pills; FOR, formulation.

especially for CD formulation, wherein the simulated curve
nearly goes exactly as the observed profile. Differences in
many PK parameters (Cmax, Tmax and AUC) are within a
1.2-fold range, indicating this predictive model is precise.

3.5.  In vivo pharmacokinetic study

Since the new AG formulation had increased the solubility
and inhibited the P-gp excretion for AG, it was necessary
to evaluate whether the AG-CD-TPGS ternary system
could improve bioavailability after oral administration.
The bioavailability of the AG-CD-TPGS ternary system was
detected according to the pharmacokinetic study. The plasma
drug concentration-time profiles of pure AG, commercial
dropping pills and AG-CD-TPGS ternary system were shown
in Fig. 7I, and the main pharmacokinetic parameters were
summarized in Table 6. The selected ion chromatogram for
AG was shown in Fig. 52. Cimax of formulation (197.08 ng/ml)
was significantly higher than those of pure AG (57.78 ng/ml)
and commercial dropping pills (134.36 ng/ml). It might be
attributed to the highest solubility of AG in the formulation,
and more AG had been absorbed into the blood. Compared
with pure AG and dropping pills, Tmax of formulation exhibited
an evident shortening due to the apparent enhancement of
dissolution rate. Ty, and lambda, (1) value of the formulation
were 9.25h and 0.084 1/h. Also, the area under the curve from
Oh to infinity (AUCp.) of formulation (1113.73 ng-h/ml)
also increased significantly with the comparison of pure AG
(426.22 ng-h/ml) and dropping pills (732.92 ng-h/ml). Hence,
the bioavailability of formulation was 2.60-fold and 1.59-fold
than that of pure AG and dropping pills, respectively.

4, Conclusion

In this study, the integrated computational tools had
been applied to design drug-CDs complex formulation. The
lightGBM prediction model for binding free energy between
AG and CDs showed the same tendency with the experimental
results. In traditional pharmaceutical formulation researches,
characterization methods, such as DSC, FTIR and NMR,
only can provide us static information about the state of
drugs and excipients in formulations. As supplementary, the
molecular modeling displayed the dynamic process between
drug molecules and CD molecules at the atomistic level.
According to the results of in vitro experiments, the AG-

CD-TPGS ternary system could increase the solubility and
dissolution rate significantly. Noticeable enhancement of
cellular uptake of AG and decrease for P-gp efflux had
also been demonstrated in the MDCK-MRD1 cell model.
The PBAM of pure AG, AG dropping pills and AG-CD-TPGS
ternary formulation showed consistent results with in vivo
pharmacokinetic study. This is the first time to integrate
various computational tools to develop a novel AG-CD-TPGS
ternary formulation with significant improvement of aqueous
solubility, dissolution rate as well as the oral bioavailability.
The integrated computational tool is a novel and powerful
methodology to facilitate pharmaceutical formulation design.

Conflict of interest

The authors report no conflicts of interest.

Acknowledgments

This work was financially supported by the FDCT Project
0029/2018/A1 and the University of Macau Research Grants
(MYRG2019-00041-ICMS). This work was performed in part
at the High-Performance Computing Cluster (HPCC) which is
supported by Information and Communication Technology
Office (ICTO) of the University of Macau.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ajps.2021.03.006.

REFERENCES

[1] Rodriguez Aller M, Guillarme D, Veuthey JL, Gurny R.
Strategies for formulating and delivering poorly
water-soluble drugs. ] Drug Deliv Sci Technol 2015;30:342-51.

[2] Campisi B, Chicco D, Vojnovic D, Phan Tan Luu R.
Experimental design for a pharmaceutical formulation:
optimisation and robustness. ] Pharm Biomed Anal
1998;18(1):57-65.

[3] Kambayashi A, Kiyota T, Fujiwara M, Dressman JB. PBPK
modeling coupled with biorelevant dissolution to forecast


https://doi.org/10.1016/j.ajps.2021.03.006
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0001
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0001
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0001
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0001
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0001
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0002
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0002
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0002
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0002
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0002
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0003
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0003
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0003
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0003
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0003

506

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 16 (2021) 494-507

4]

5]

6]

7

8

1]
(10]

(11]

(12]

(13]

(14]

(15]

[16]

(27]

(18]

(29]

(20]

(21]

the oral performance of amorphous solid dispersion
formulations. Eur ] Pharm Sci 2019;135:83-90.

Zhang L, Tan J, Han D, Zhu H. From machine learning to deep
learning: progress in machine intelligence for rational drug
discovery. Drug Discov 2017;22(11):1680-5.

Ouyang D, Smith SC. Computational pharmaceutics:
application of molecular modeling in drug delivery. John
Wiley & Sons, Ltd; 2015.

Kimura G, Puchkov M, Leuenberger H. An attempt to
calculate in silico disintegration time of tablets containing
mefenamic acid, a low water-soluble drug. ] Pharm Sci
2013;102(7):2166-78.

Larsson P, Alskar LC, Bergstrom CAS. Molecular Structuring
and phase transition of lipid-based formulations upon water
dispersion: a coarse-grained molecular dynamics simulation
approach. Mol Pharm 2017;14(12):4145-53.

Li M, Zou P, Tyner K, Lee S. Physiologically based
pharmacokinetic (PBPK) modeling of pharmaceutical
nanoparticles. Aaps ] 2017;19(1):26-42.

Mitchell TM. Machine learning. McGraw-Hill Education; 1997.
Han R, Yang Y, Li X, Ouyang D. Predicting oral disintegrating
tablet formulations by neural network techniques. Asian J
Pharm Sci 2018;13(4):336-42.

Han R, Xiong H, Ye Z, Yang Y, Huang T, Jing Q, et al. Predicting
physical stability of solid dispersions by machine learning
techniques. ] Control Release 2019;311-312:16-25.

Zhao Q, Ye Z, Su'Y, Ouyang D. Predicting complexation
performance between cyclodextrins and guest molecules by
integrated machine learning and molecular modeling
techniques. Acta Pharm Sin B 2019;9(6):1241-52.

Mortier J, Rakers C, Bermudez M, Murgueitio MS, Riniker S,
Wolber G. The impact of molecular dynamics on drug
design: applications for the characterization of
ligand-macromolecule complexes. Drug Discov
2015;20(6):686-702.

Warren DB, King D, Benameur H, Pouton CW, Chalmers DK.
Glyceride lipid formulations: molecular dynamics modeling
of phase behavior during dispersion and molecular
interactions between drugs and excipients. Pharm Res
2013;30(12):3238-53.

Li S, Wang L, Jiang J, Tang P, Wang Q, Wu D,

et al. Investigations of bisacodyl with modified
B-cyclodextrins: characterization, molecular modeling, and
effect of PEG. Carbohydr Polym 2015;134:82-91.

Wang R, Hui Z, Siu SWI, Yong G, Ouyang D. Comparison of
three molecular simulation approaches for
cyclodextrin-ibuprofen complexation. ] Nanomater
2015;2015(3):193049.

Zhao Q, Miriyala N, Su Y, Chen W, Gao X, Shao L,

et al. Computer-aided formulation design for a highly
soluble lutein-cyclodextrin multiple-component delivery
system. Mol Pharm 2018;15(4):1664-73.

Kostewicz ES, Aarons L, Bergstrand M, Bolger MB, Galetin A,
Hatley O, et al. PBPK models for the prediction of in vivo
performance of oral dosage forms. Eur J Pharm Sci
2014;57:300-21.

Sun L, Zhang B, Sun J. The solubility-permeability trade-off
of progesterone with cyclodextrins under physiological
conditions: experimental observations and computer
simulations. ] Pharm Sci 2018;107(1):488-94.

Wang B, Liu Z, Li D, Yang S, Hu J, Chen H, et al. Application of
physiologically based pharmacokinetic modeling in the
prediction of pharmacokinetics of bicyclol controlled-release
formulation in human. Eur ] Pharm Sci 2015;

77:265-72.

Goyenechea N, Sanchez M, Vélaz I, Martin C, Martinez
Ohérriz MC, Gonzélez Gaitano G. Inclusion complexes of
nabumetone with g-cyclodextrins: thermodynamics and

(22]

(23]

(24]

(23]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

molecular modelling studies. Influence of sodium
perchlorate. Luminescence 2001;16(2):117-27.

Li W, Wang S, Hwang T, Chao I. Substituent effect on the
structural behavior of modified cyclodextrin: a molecular
dynamics study on methylated g-CDs. JPC B
2012;116(11):3477-89.

Trott O, Olson AJ. AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient
optimization, and multithreading. ] Comput Chem
2010;31(2):455-61.

Hou T, WangJ, Li Y, Wang W. Assessing the performance of
the MM/PBSA and MM/GBSA methods. 1. The accuracy of
binding free energy calculations based on molecular
dynamics simulations. ] Chem Inf Model 2010;

51(1):69-82.

Miller III, BR McGee, Jr TD, Swails JM, Homeyer N, Gohlke H,
Roitberg AE. MMPBSA. py: an efficient program for end-state
free energy calculations. ] Chem Theory Comput
2012;8(9):3314-21.

Yu LX, Crison JR, Amidon GL. Compartmental transit and
dispersion model analysis of small intestinal transit flow in
humans. Int ] Pharm 1996;140(1):111-18.

Agoram B, Woltosz WS, Bolger MB. Predicting the impact of
physiological and biochemical processes on oral drug
bioavailability. Adv Drug Deliv Rev 2001;50(Suppl 1):
S41-S67.

Dahan A, Miller JM, Hoffman A, Amidon GE, Amidon GL. The
solubility-permeability interplay in using cyclodextrins as
pharmaceutical solubilizers: mechanistic modeling and
application to progesterone. ] Pharm Sci 2010;99(6):2739-49.
Rodgers T, Leahy D, Rowland M. Physiologically based
pharmacokinetic modeling 1: predicting the tissue
distribution of moderate-to-strong bases. ] Pharm Sci
2005;94(6):1259-76.

Rodgers T, Rowland M. Physiologically based
pharmacokinetic modelling 2: predicting the tissue
distribution of acids, very weak bases, neutrals and
zwitterions. ] Pharm Sci 2006;95(6):1238-57.

Ye L, Wang T, Tang L, Liu W, Yang Z, Zhou ], et al. Poor oral
bioavailability of a promising anticancer agent
andrographolide is due to extensive metabolism and efflux
by P-glycoprotein. ] Pharm Sci 2011;100(11):5007-17.
Panossian A, Hovhannisyan A, Mamikonyan G,
Abrahamian H, Hambardzumyan E, Gabrielian E,

et al. Pharmacokinetic and oral bioavailability of
andrographolide from Andrographis paniculata fixed
combination Kan Jang in rats and human. Phytomedicine
2000;7(5):351-64.

Bothiraja C, Shinde MB, Rajalakshmi S, Pawar AP. Evaluation
of molecular pharmaceutical and in-vivo properties of
spray-dried isolated andrographolide-PVP. ] Pharm
Pharmacol 2009;61(11):1465-72.

Du H, Yang X, Li H, Han L, Li X, Dong X, et al. Preparation and
evaluation of andrographolide-loaded microemulsion. |
Microencapsul 2012;29(7):657-65.

Yang T, Xu C, Wang ZT, Wang CH. Comparative
pharmacokinetic studies of andrographolide and its
metabolite of 14-deoxy-12-hydroxy-andrographolide in rat
by ultra-performance liquid chromatography-mass
spectrometry. Biomed Chromatogr 2013;27(7):931-7.
Higuchi TA, Connors KA, Connors SL, Connors KA.
Phase-solubility techniques. 1965.

Loftsson T, Hreinsdéttir D, Mdsson M. Evaluation of
cyclodextrin solubilization of drugs. Int ] Pharm
2005;302(1):18-28.

Jambhekar SS, Breen P. Cyclodextrins in pharmaceutical
formulations II: solubilization, binding constant, and
complexation efficiency. Drug Discov 2016;21(2):363-8.


http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0003
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0004
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0004
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0004
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0004
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0004
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0005
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0005
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0005
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0006
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0006
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0006
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0006
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0007
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0007
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0007
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0007
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0008
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0008
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0008
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0008
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0008
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0009
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0009
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0010
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0010
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0010
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0010
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0010
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0011
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0012
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0012
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0012
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0012
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0012
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0013
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0014
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0014
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0014
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0014
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0014
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0014
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0015
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0016
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0016
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0016
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0016
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0016
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0016
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0017
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0018
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0019
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0019
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0019
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0019
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0020
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0021
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0022
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0022
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0022
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0022
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0022
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0023
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0023
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0023
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0024
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0024
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0024
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0024
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0024
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0025
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0026
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0026
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0026
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0026
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0027
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0027
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0027
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0027
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0028
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0028
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0028
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0028
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0028
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0028
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0029
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0029
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0029
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0029
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0030
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0030
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0030
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0031
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0032
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0033
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0033
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0033
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0033
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0033
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0034
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0035
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0035
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0035
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0035
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0035
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0037
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0037
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0037
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0037
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0038
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0038
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0038

ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 16 (2021) 494-507 507

[39] YuH, HuY,Ip FC, Zuo Z, Han Y, Ip NY. Intestinal transport of
bis (12)-hupyridone in Caco-2 cells and its improved
permeability by the surfactant Brij-35. Biopharm Drug
Dispos 2011;32(3):140-50.

[40] Fronza G, Mele A, Redenti E, Ventura P. Proton nuclear
magnetic resonance spectroscopy studies of the inclusion
complex of piroxicam with -cyclodextrin. ] Pharm Sci
1992;81(12):1162-5.

[41] Pessine FBT, Calderini A, Alexandrino GL. Cyclodextrin
inclusion complexes probed by NMR techniques. In: Kim DH,
editor. Magnetic resonance spectroscopy. London:
IntechOpen; 2012. doi:105772/32029.

[42] Du P, Jiang Q, Yang R, Liu C, Li Y, Wang L, et al. Nanonization
of andrographolide by a wet milling method: the effects of
vitamin E TPGS and oral bioavailability enhancement. RSC
Adv 2016;6(103):101404-14.

[43] Houk KN, Leach AG, Kim SP, Zhang X. Binding affinities of
host-guest, protein-ligand, and protein-transition-state
complexes. Angew Chem Int Ed 2003;42(40):4872-97.

[44] Brewster ME, Loftsson T. Cyclodextrins as pharmaceutical
solubilizers. Adv Drug Deliv Rev 2007;59(7):645-66.

[45] Schneider HJ, Hacket F, Riidiger V, Ikeda H. NMR studies of
cyclodextrins and cyclodextrin complexes. Chem Rev
1998;98(5):1755-86.

[46] Purohit HS, Trasi NS, Sun DD, Chow ECY, Wen H, Zhang X,
et al. Investigating the impact of drug crystallinity in
amorphous tacrolimus capsules on pharmacokinetics and
bioequivalence using discriminatory in vitro dissolution
testing and physiologically based pharmacokinetic modeling
and simulation. ] Pharm Sci 2018;107(5):1330—-41.


http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0039
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0040
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0040
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0040
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0040
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0040
https://doi.org/105772/32029
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0042
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0043
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0043
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0043
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0043
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0043
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0044
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0044
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0044
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0045
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0045
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0045
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0045
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0045
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046
http://refhub.elsevier.com/S1818-0876(21)00039-8/sbref0046

	Integrated computer-aided formulation design: A case study of andrographolide/ cyclodextrin ternary formulation
	1 Introduction
	2 Materials and methods
	2.1 Prediction of binding free energy between AG and CDs by machine learning method
	2.2 Molecular modeling of AG-CD complexation
	2.2.1 Model establishing for molecular modeling approaches
	2.2.2 Docking simulation setting
	2.2.3 Molecular dynamics simulation
	2.2.4 MM-PBSA calculation

	2.3 Physiologically based absorption modeling
	2.3.1 Model structure
	2.3.2 Modeling for andrographolide

	2.4 Experimental validation
	2.4.1 Materials and reagents
	2.4.2 Phase solubility study
	2.4.3 Formulation screening of AG-CDs binary system
	2.4.4 Cell culture
	2.4.5 In vitro cytotoxicity assay
	2.4.6 Cellular uptake
	2.4.7 Preparation of AG-CD-TPGS ternary formulation
	2.4.8 Characterization
	2.4.9 Dissolution study
	2.4.10 Cell-based transwell transport study in MDCK-MDR1 monolayer
	2.4.11 In vivo pharmacokinetic study
	2.4.12 Statistical analysis


	3 Results and discussion
	3.1 Comparison of the prediction and experimental results of binding free energy
	3.1.1 The prediction result by lightGBM method
	3.1.2 Phase solubility study
	3.1.3 Formulation screening of AG-CDs binary system

	3.2 The molecular mechanism of AG-CDs
	3.2.1 Molecular modeling of AG-CDs binary system
	3.2.2 Characterization analysis

	3.3 In vitro study
	3.3.1 Cellular uptake
	3.3.2 Dissolution study
	3.3.3 Transepithelial transport of AG

	3.4 The physiologically based absorption modeling prediction
	3.5 In vivo pharmacokinetic study

	4 Conclusion
	Conflict of interest
	Acknowledgments
	Supplementary materials

	Reference

