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Abstract

Background: Betulinic acid (BA) is a poorly water-soluble triterpenoid, limiting its extraction efficiency
from medicinal plants and motivating the use of bio-based solvents (BioSs).

Objectives: This study aimed to elucidate the extraction mechanism of BA from Tetracera scandens
using pentane-1,2-diol (PED) and hexane-1,2-diol (HED), to provide molecular-level insight into the potential
interaction of BA with a-glucosidase using docking simulations, and to assess the cytotoxicity of the solvents.

Materials and methods: Solvent—solute interactions were investigated using quantum chemical
calculations. Molecular docking simulations with a-glucosidase were performed, and the cytotoxicity of the

solvents was evaluated on HEK-293A cells.

Results: PED and HED exhibited favorable interactions with BA, contributing to improved extraction
efficiency. Molecular docking results indicated stable binding of BA to a-glucosidase. Both BioSs did not

exhibit cytotoxic effects toward normal human cells.

Conclusion: PED and HED are promising BioSs for the extraction of BA, and the proposed solvent system
demonstrates appropriate mechanistic relevance and safety for potential applications.
Keywords: betulinic acid, Tetracera scandens, bio-based solvents, extraction mechanism, molecular

docking, cytotoxicity.

1. INTRODUCTION

Betulinic acid (BA) is a pentacyclic lupane-type
triterpenoid widely distributed in numerous plant
species and has attracted considerable attention
due to its broad spectrum of biological activities,
including anticancer, antioxidant, antidiabetic, anti-
inflammatory, and antimalarial effects. Despite
its pharmacological potential, the pronounced
hydrophobicity and extremely low aqueous solubility
of BA remain major obstacles, limiting both its
extraction efficiency from plant matrices and its
bioavailability in pharmaceutical and biomedical
applications [1-3].

For decades, conventional organic solvents
have been extensively employed for triterpenoid
extraction from medicinal plants. Although these
solvents often provide satisfactory extraction yields,
their use is associated with several drawbacks,
including toxicity, volatility, and solvent residue
issues, which compromise biosafety and process
sustainability. Within the framework of green
chemistry and sustainable development, the
identification of alternative solvents that are bio-
based, environmentally benign, and safer for

pharmaceutical applications has become a critical
research priority [4,5].

Figure 1. Chemical structures of betulinic acid (A) and Tetracera scandens (B)

HUE JOURNAL OF MEDICINE AND PHARMACY - VOLUME 16 (02) - 2026

1751



BioSs are derived from renewable resources
and are generally characterized by low toxicity
and favorable biodegradability. They have been
increasingly applied in pharmaceutical, food, and
green chemistry fields. BioSs such as alkanediols,
cyrene, gamma-valerolactone, ethyllactate, dimethyl
isosorbide, and limonene have demonstrated
significant potential in enhancing the solubility and
extraction efficiency of natural products. Beyond
acting merely as dissolution media, many BioSs
exhibit hydrotropic behavior, whereby amphiphilic
solvent molecules preferentially associate around
hydrophobic solutes. This mechanism reduces
unfavorable solute—water interactions and markedly
improves the solubility and extraction efficiency of
low-polarity compounds such as triterpenoids [3,6].

Tetracera scandens (L.) Merr., belonging to the
family Dilleniaceae, is a medicinal plant widely
distributed in tropical regions of Asia, including
Vietnam. In traditional medicine, it has been used
for its antipyretic, detoxifying, anti-inflammatory,
and analgesic properties, while modern studies have
reported various promising biological activities.
Phytochemical investigations have identified BA
as one of its major constituents [3], highlighting
T. scandens as a valuable natural source of this
bioactive triterpenoid [7].

In our previous work, the extraction of BA from
T. scandens was systematically investigated using
a range of BioSs. Among them, PED and HED were
identified as particularly efficient solvents, yielding
higher extraction efficiencies than conventional
organic solvents and several other green solvents. In
addition, BA extracted using green solvents exhibited
promising a-glucosidase inhibitory activity in vitro
(IC,,: 7.76-7.81 pg/mL) [3]. However, the molecular
extraction mechanism, deeper mechanistic insights
into a-glucosidase inhibition, as well as the safety
profile of these solvents have not yet been clearly
elucidated.

Building on these findings and addressing the
remaining knowledge gaps, the present study was
designed to elucidate the extraction mechanism of
BA from T. scandens using PED and HED through
electrostatic potential (ESP) analysis, noncovalent
interaction analysis, and binding energy calculations.
In addition, preliminary mechanistic insights at the
molecular level into the interaction between BA
and a-glucosidase were explored using molecular
docking simulations. Finally, the cellular safety of
PED and HED was evaluated using HEK-293A cells
to provide supporting evidence for their potential

application in pharmaceutical and biomedical

research.

2. MATERIALS AND METHODS

2.1. Materials and chemicals

PED and HED were purchased from Macklin Inc.
(Guangzhou, China). Chemicals and reagents used
for cytotoxicity assays included Dulbecco’s Modified
Eagle Medium (DMEM), L-glutamine, sodium
pyruvate, sodium bicarbonate, fetal bovine serum
(FBS), dimethyl sulfoxide (DMSO), trichloroacetic
acid (TCA), Tris base, ellipticine, sulforhodamine B
(SRB), acetic acid. All chemicals were of analytical
grade and obtained from reputable suppliers. The
HEK-293A (human embryonic kidney) cell line
was supplied by National Yang Ming Chiao Tung
University (Taiwan).

2.2. Quantum chemical calculations

Quantum chemical calculations were performed
using the ORCA software package (version 6.1.0) [8—
11](2. Initial molecular structures of BA and solvent
components were constructed using Avogadro and
subjected to preliminary optimization employing the
MMFF94 force field [12]. Subsequent full geometry
optimizations were carried out in the gas phase at
the B3LYP-D3(BJ)/def2-SVP level of theory, with the
RIJCOSX approximation and TightSCF convergence
criteria applied to ensure computational accuracy.
ESP maps, interaction region indicator (IRI) surfaces
[13]in fact it also has the ability of revealing chemical
bonding regions. Unfortunately, RDG cannot clearly
show both types of the interactions at the same
time. In this work, we propose a new real space
function named interaction region indicator (IRI,
and corresponding scatter plots were generated
using Multiwfn (version 3.8) [14,15]. Visualization
of ESP and IRl isosurfaces was conducted with
VMD (version 1.9.4) [16], following standard color
conventions, where blue regions indicate hydrogen
bonding interactions, green regions represent van
der Waals interactions, and red regions correspond
to steric repulsion. The binding energy (AEbinding)
of 1:1 solute-solvent complexes was calculated
according to the equation:

AEbinding = Ecomplex B (Esolute solvent)

where E complex is the total energy of the optimized
solute—solvent complex, and E e and E e are
the energies of the isolated solute and solvent
molecules, respectively. Negative BE, . values
indicate energetically favorable interactions between
BA and the solvent.
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2.3. Molecular docking simulation

Molecular docking simulations were conducted
using AutoDock Vina (version 1.1.2) [17] to investigate
the interaction between BA and a-glucosidase (PDB
ID: 5ZCC) [18]. The enzyme structure was retrieved
from the Protein Data Bank and prepared using
AutoDock Tools (version 1.5.7) [19] by removing
crystallographic water molecules and nonessential
ligands, followed by the addition of Kollman charges
and polar hydrogens. Ligand structures were drawn
using ChemDraw (version 16.0), converted into
three-dimensional conformations, and energy-
minimized using Open Babel (version 3.1.1) [20]
Chemical Markup Language. The docking protocol
employed an exhaustiveness level of 64, while the
binding region was defined based on the location
of the co-crystallized inhibitor within the active
site. Docked conformations were ranked based on
binding free energy (AGbinding, kcal/mol), and the most
favorable binding poses were further analyzed using
BIOVIA Discovery Studio (version 24.1) to elucidate
hydrogen bonding and hydrophobic interactions.

2.4. Cytotoxicity assay

Cytotoxicity was evaluated using the SRB assay
[21]. HEK-293A cells were cultured in DMEM
supplemented with FBS, L-glutamine, and sodium
bicarbonate at 37 °C in a humidified atmosphere
containing 5% CO,. Cells were seeded into 96-
well plates at a density of 5,700 cells per well and
treated with test samples at various concentrations.
After 72 h of incubation, cells were fixed with 20%
TCA and stained with 1% SRB to quantify cellular
protein content. Unbound dye was removed, and
protein-bound dye was solubilized with 10 mM Tris
base after washing with 1% acetic acid. DMSO (10%)
and ellipticine were used as negative and positive
controls, respectively. Absorbance was measured at
515 nm. Cell growth inhibition (1%) was calculated
using the following equation:

1% = (1 - (OD, - 0D,)/(OD_- 0D,)) x 100%

where ob,, 0D, OD_ correspond to the optical
density at the initial time point, after 72 h of
treatment, and of the control, respectively.

3. RESULTS

3.1. Extraction mechanism

3.1.1. ESP analysis and binding energy
evaluation

ESP analysis is a widely used quantum chemical
tool that provides insight into the surface charge
distribution of molecules, thereby allowing the
identification of electron-rich and electron-deficient

regions that are prone to intermolecular interactions
[22]. In this study, ESP analysis was employed to
elucidate the charge distribution on the molecular
surface of BA and to identify regions potentially
involved in solvent interactions. The ESP map of
BA revealed a pronounced amphiphilic character
(Figure 2A). Negative electrostatic potential was
mainly localized around the carboxyl group and
oxygen atoms, indicating their strong propensity for
hydrogen bonding and dipole—dipole interactions.
In contrast, the triterpenoid backbone exhibited
predominantly low-polarity characteristics,
suggesting the necessity of a solvent environment
capable of stabilizing both polar and nonpolar
domains of the molecule.

To  quantitatively  assess  solvent—solute
interactions, binding energies between BA
and different solvents were calculated and are
summarized in Figure 2B. The BA-H,0, BA-MeOH,
BA-EtOH systems exhibited relatively low binding
energies, with values of -11.960, -12.909, and -12.545
kcal/mol, respectively. These results indicate that
interactions in these systems are mainly governed
by localized hydrogen bonding at polar functional
groups, while the extensive hydrophobic triterpenoid
framework remains insufficiently  stabilized.
Consequently, within the simplified 1:1 interaction
model, conventional polar solvents show limited
capability to provide spatially extensive interaction
coverage across the BA molecular surface.

In contrast, substantially more negative binding
energies were obtained for the betulinic acid-
pentan-1,2-diol (BA-PED) and betulinic acid—hexan-
1,2-diol (BA-HED) systems, reaching -22.902 and
-23.843 kcal/mol, respectively. These markedly
enhanced interactions reflect a cooperative solvation
mechanism, in which the hydroxyl groups of the
alkanediols engage in directional hydrogen bonding
with the polar regions of BA, while the hydrocarbon
chains contribute to stabilizing the hydrophobic
backbone through van der Waals and hydrophobic
interactions. This dual interaction mode enables
BA to be accommodated within a more favorable
solvation microenvironment, rather than being
stabilized only at isolated polar sites.

Althoughallinvestigated systems contained water,
the binding energy analysis clearly demonstrates
that PED and HED play a dominant role in governing
BA—solvent interactions. The significantly stronger
interactions between BA and the BioSs compared
with BA—H,0 interactions indicate that water alone
cannot account for the observed solubilization and
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stabilization. Instead, the BioSs generate a tailored
electrostatic and hydrophobic microenvironment
capable of simultaneously stabilizing both polar
and nonpolar regions of BA, thereby providing a
mechanistic explanation for the enhanced extraction
efficiency observed experimentally [3].

It should be noted that PED and HED are
conformationally flexible molecules with multiple
possible rotamers, and the optimized structures
obtained in this study correspond to energetically
favorable local minima. Although global minimum
conformations were not exhaustively explored, the
use of a consistent computational protocol across
all systems ensures reliable comparative analysis
of solvent—solute interactions. Moreover, the key
interaction sites of PED and HED (e.g., hydroxyl groups

Solute

BA
y ~/‘ “ - *( 005
,"*,‘ Ao J
HED H,0

and alkyl chains) are preserved across low-energy
conformers, suggesting that the primary interaction
patterns are not expected to change significantly. In
addition, the 1:1 solute—solvent interaction model
represents a simplified approach to capture the
primary interaction motif between BA and solvent
molecules and has been widely employed in previous
studies to evaluate intermolecular interactions
[23,24]a biphasic temperature-responsive solvent
system consisting of hydrophilic deep eutecticsolvent
(choline chloride: levulinic acid. While real systems
involve multiple solvent molecules and dynamic
interactions, this model provides a fundamental
and comparable framework for evaluating relative
interaction strengths across different solvent
systems, particularly for mechanistic interpretation.

ESP (a.11)
0.05

MeOH EtOH

-12.909 keal/mol

-12.545 keal/mol

Figure 2. ESP maps of BA and the investigated solvents, together with the interaction geometries and
binding energies of the BA—PED, BA—HED, BA—H,0, BA-MeOH, and BA-EtOH systems.

3.1.2. IRI analysis of noncovalent interactions

To obtain deeper mechanistic insight into BA—
solvent interactions, IRl analysis was conducted
in conjunction with IRl scatter plots derived from
sign(Az)p values and the corresponding isosurfaces.
This approach allows clear differentiation between
weak attractive interactions, such as hydrogen
bonding and van der Waals forces, as well as steric
repulsive regions.

For the BA—H,0 system (Figure 3C), the IRI scatter
plot displayed data points primarily located in the
slightly negative sign(A;)p region, characteristic of
weak attractive interactions. The corresponding
IRl isosurfaces were mainly localized around the
carboxyl group and oxygen atoms of BA, indicating

the formation of limited hydrogen bonds with
water molecules. However, these interactions were
spatially confined and did not substantially extend
over the hydrophobic triterpenoid backbone,
suggesting limited overall molecular stabilization.

A similar interaction pattern was observed for
the BA-MeOH and BA-EtOH systems (Figures 3D
and 3E). Although the number of interaction regions
slightly increased compared with water, the IRI
isosurfaces remained concentrated near the polar
functional groups of BA and did not substantially
extend along the carbon framework. This finding
indicates that conventional polar solvents offer only
modest improvements in BA—solvent interactions
and are insufficient to establish a comprehensive
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stabilization environment.

In contrast, the BA-PED and BA-HED systems
exhibited distinctly different interaction profiles in
both IRI scatter plots and isosurface visualizations
(Figures 3A and 3B). In addition to pronounced
hydrogen bonding between the hydroxyl groups of
the alkanediols and the carboxyl group of BA, an
extensive and continuous network of van der Waals
interactions was observed along the triterpenoid
skeleton. These regions, characterized by sign(As)
p values close to zero, correspond to weak but
spatially extensive attractive interactions that play

" s vdW

BA-EtOH

acritical role in stabilizing the hydrophobic domains
of BA.

Overall, IRl analysis demonstrates that aqueous
solutions of PED and HED generate a more diverse and
spatially distributed noncovalentinteraction network
around BA compared with water and conventional
polar solvents. The synergistic combination of
localized hydrogen bonding and extended van der
Waals interactions contributes to the formation of
a favorable solvation microenvironment, reinforcing
the central role of BioSs in the BA extraction
mechanism observed experimentally [3].

BA-MeOH

p>0 signZ)p

Sign(i;)p decreases 5~ increases | -0
<0

20
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chemical bond notable attraction: vdw notable repulsion:
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H-bond, halogen-bond...  interaction
and cage.

Figure 3. IRI scatter plots as a function of sign(Az)p and corresponding IRl isosurfaces illustrating
noncovalent interactions between betulinic acid (BA) and PED, HED, H,0, MeOH, and EtOH. HB denotes
hydrogen bonding interactions and vdW denotes van der Waals interactions.

3.4. Molecular docking analysis for a-glucosidase
inhibition

Previous studies have reported that BA-rich
extractsobtained using green solvents exhibit notable
a-glucosidase inhibitory activity [3], suggesting that
BA may contribute substantially to this effect. To gain
mechanistic insight at the molecular level, in silico
molecular docking was performed to evaluate the
binding affinity and interaction pattern between BA
and a-glucosidase, with acarbose used as a reference
inhibitor.

Docking results revealed that BA binds stably
within the active site of a-glucosidase, with a binding
energy of -8.1 kcal/mol, which is comparable to
that of the reference inhibitor acarbose (-7.7 kcal/
mol) within the limitations of docking-based scoring
functions. The more negative binding energy of BA
suggests a favorable binding propensity and a stable

binding mode within the docking model.

Analysis of the binding conformation showed that
BA is appropriately positioned within the catalytic
pocket of a-glucosidase (Figure 4). The hydrophobic
triterpenoid framework of BA is primarily stabilized
through an extensive network of van der Waals
interactions with hydrophobic amino acid residues
located within the active site. Meanwhile, oxygen-
containing functional groups of BA serve as
anchoring points for directional hydrogen bonding
interactions with neighboring residues, contributing
to the stabilization and orientation of the ligand.

Collectively, these in silico results provide
molecular-level evidence supporting the
favorable and stable interaction between BA and
a-glucosidase, thereby offering mechanistic support
for the a-glucosidase inhibitory activity observed in
previous experimental studies.
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Figure 4. Molecular docking results of BA with a-glucosidase (PDB: 5ZCC): (A) overall structure of the
enzyme-ligand complex; (B) binding position of BA within the active site; (C) noncovalent interactions
between BA and amino acid residues.

3.5. Cytotoxicity evaluation of PED and HED

To assess the biocompatibility of the BioSs
employed, the cytotoxicity of PED and HED toward
HEK-293A cells was systematically investigated,
thereby confirming that improved extraction
efficiency did not compromise normal cell
viability. This cell line is commonly employed as a
representative non-cancerous model for in vitro
toxicity screening.

As summarized in Table 1, PED and HED showed
no appreciable reduction in HEK-293A cell viability,
with 1Cso values above 100 pg/mL. This cytotoxicity
profile supports their favorable biocompatibility
across the investigated concentration range.
Importantly, this result supports the safe application
of these BioSs in biological studies and further
underscores their suitability for sustainable and
biomedically relevant extraction processes.

Table 1. Cytotoxicity of PED and HED in HEK-

293A cells.
Solvents/compound IC_, values (ug/mL)
PED > 100
HED > 100
Ellipticine 0.30+£0.02
4. DISCUSSION

This study provides a comprehensive approach
to elucidating the relationship between extraction
efficiency, molecular interaction mechanisms, and

the mechanistic relevance of BA obtained from
T. scandens using BioSs. Analyses based on ESP,
binding energy calculations, and IRl consistently
demonstrate that BA is a distinctly amphiphilic
molecule, characterized by an uneven distribution
between a highly polar carboxyl moiety and a
predominantly nonpolar triterpenoid framework.
This structural feature explains why conventional
polar solvents such as water, methanol, and ethanol
predominantly engage in localized interactions
through hydrogen bonding at polar functional
groups, while less effective in stabilizing the
hydrophobic backbone of the molecule. As a result,
relatively low binding energies are observed, leading
to limited solubilization capacity and restricted
extraction efficiency of BA.

In contrast, alkanediol-based BioSs, exemplified
by PED and HED, exhibit a characteristic cooperative
interaction mechanism. The hydroxyl groups of
these solvents participate in directional hydrogen
bonding with the carboxyl group of BA, while the
longer hydrocarbon chains facilitate the formation of
an extended network of van der Waals interactions
with the triterpenoid skeleton. This synergistic
combination generates a favorable solvation
microenvironment that stabilizes the entire BA
molecule rather than only isolated polar regions.
This behavior is clearly reflected by the substantially
more negative binding energies of BA-alkanediol
systems compared with conventional solvents and
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is consistent with the enhanced extraction efficiency
observed experimentally.

Molecular docking simulations, on the other
hand, provided supportive in silico evidence for
a plausible binding interaction of BA with the
a-glucosidase enzyme. Detailed docking analysis
revealed that BA is favorably accommodated within
the active site of a-glucosidase through a diverse
network of noncovalent interactions involving key
amino acid residues. Specifically, the carboxyl group
of BA forms a hydrogen bond with the GIn256
residue, serving as a directional anchoring point that
contributes to stabilization of the binding pose. In
addition, the hydrophobic triterpenoid framework
of BA interacts extensively with surrounding
residues such as Thr409, Gly410, Met385, Argd4l,
Phel44, Asp327, Asp60, His326, Argl97, Aspl199,
Ala200, His203, Phel63, Phe282, Phe225, and
Asn258 through van der Waals interactions. These
interactions create an extensive molecular contact
surface, allowing BA to adapt effectively to the
hydrophobic environment of the a-glucosidase active
pocket. Notably, the presence of a t-alkyl interaction
with Tyr63 highlights the role of aromatic residues
in stabilizing the polycyclic carbon scaffold of BA.
Although these interactions are less directional than
hydrogen bonds, they contribute to the formation
of a surrounding interaction environment that
evenly distributes binding forces and contributes to
the overall favorability of the binding interaction.
A localized unfavorable interaction with lle143
was also observed; however, this interaction
does not appear to significantly compromise the
predicted binding mode, as it is compensated by
the surrounding hydrophobic and hydrogen bonding
interactions. Such localized unfavorable contacts are
commonly encountered in docking models of bulky
hydrophobic compounds and do not significantly
affect the overall binding affinity of the ligand.
Collectively, the docking results suggest that BA may
interact with a-glucosidase through a combination
of directional hydrogen bonding and hydrophobic
interactions, which may help rationalize the
a-glucosidase inhibitory activity reported in previous
experimental studies.

Finally, cytotoxicity evaluation demonstrated
that PED and HED do not exert significant adverse
effects on HEK-293A cells within the investigated
concentration range. This finding is of particular
importance, as it confirms that the enhancement
in extraction efficiency and molecular interaction
capability is not accompanied by increased cellular
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toxicity. Consequently, these results support the
suitability of PED and HED as biocompatible BioSs
for biomedical research and the development of
sustainable extraction processes.

5. CONCLUSION

This study elucidated the extraction mechanism
of BA from T scandens using BioSs. Quantum
chemical analyses revealed favorable solvent—solute
interactions, providing a molecular rationale for the
enhanced extraction efficiency of BA achieved with
PED and HED. Molecular docking simulations further
provided preliminary in silico insight into the binding
behavior of BA within the a-glucosidase active site,
which may help rationalize its reported enzyme
inhibitory activity. In addition, PED and HED did
not exhibit cytotoxic effects toward normal human
cells within the tested concentration range. Overall,
these findings support the suitability of PED and HED
as effective and biocompatible BioSs for the green
extraction of BA from medicinal plants.
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