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Abstract

Catechin, a bioactive flavonoid derived from Uncaria gambir, exhibits significant anticancer potential but is limited by its poor
aqueous solubility and low bioavailability. To overcome these challenges, this study investigates the molecular encapsulation
of catechin with B-cyclodextrin (BCD) and hydroxypropyl-B-cyclodextrin (HPBCD) through experimental and computational
approaches. Structural characterisation using field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD)
and nuclear magnetic resonance (NMR) spectroscopy confirmed the successful formation of inclusion complexes, with HPBCD
exhibiting superior amorphisation and molecular dispersion, suggesting enhanced solubility. Additionally, in silico molecular
studies through molecular docking and molecular dynamics simulations of the inclusion complexes were conducted. The
results demonstrate no significant change in the coordinates of catechin inside the cavities of both materials. In particular,
the Cat-HPBCD complex exhibited stronger binding free energy (AGbind) through several end-point free energy approaches
estimated in this research. Furthermore, Cat-HPBCD complex shows a significant cytotoxic effect against MCF-7 breast cancer
cells time-dependent, achieving IC50 values of 14 pg/mL and 10 pg/mL at 48 and 72 hours, respectively. These findings
highlight HPBCD as an optimal carrier for catechin, enhancing its solubility, stability, and anticancer efficacy, paving the way
for its potential pharmaceutical applications.
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1. Introduction Traditionally, the extract is chewed as a herb and consumed
Indonesia is the leading global exporter of gambier, supplying for its antidiarrheal and antioxidant properties.>* The hooks
approximately 80% of the international market demand. Most of Uncaria gambir are conventionally prepared for the
production occurs in West Sumatra, with an estimated output treatment of wounds, ulcers, fever, asthma, rheumatism,
of 2,491.39 tons recorded in 2018.11 This production is hyperpyrexia, hypertension, headaches, gastrointestinal
predominanﬂy carried out on a small scale by local farmers. illness, and bacterial or fungal infections.¥l Several of these
Gambier is obtained as a hot-water extract from the leaves and conditions are associated with chronic inflammation and
twigs of the gambier plant (Uncaria gambir (Hunter) Roxb.). oxidative stress, mechanisms that also underpin cancer
development. Thus, traditional use implies potential for
I Department of Chemistry, Faculty of Science and Technology, anticancer activity, particularly due to its rich polyphenolic
content.!>% Chemically, gambier is composed of 7.63-23.16%
water, 12.24-24.16% tannins, 14.76-86.71% catechins, 1.43—
Surabaya, 60115, Indonesia 25.24% ash, and 5.58-46.28% water-insoluble compounds."*!
2 Biotechnology of Tropical Medicinal Plants Research Group, Since catechin is the most abundant component in gambir,
isolating it could significantly enhance the value and export
potential of this product (Fig. 1a).

The development of treatment methods for degenerative
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Fig. 1: (a) The isolated Catechin (Cat) from sap Uncaria gambir, (b) cyclodextrin structure as host material (BCD and HPBCD), and
(c) the possibility conformation of catechin inside the cavity of host material.

diseases, such as cancer, remains a significant challenge today.
Data from the WHO Global Cancer Observatory 2022
indicates that Cervical cancer is the fourth most common
cancer in women globally with around 660,000 new cases and
around 350 000 deaths worldwide.”) Current cancer treatments
primarily rely on chemotherapy methods, which often have
side effects on the body.'” In light of these limitations,
exploring drug preparations from natural ingredients presents
a promising opportunity due to their abundant availability and
safety profile.''! However, some drug compounds derived
from natural ingredients do not work as effectively against
cancer cells compared to synthetic compounds. Therefore,
modifying the physicochemical properties of natural
compounds is necessary to enhance their biological activity as
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anticancer agents.

Catechin (Cat), a polyphenolic compound, are effective
scavengers of reactive oxygen species, and their antioxidant
properties are of great interest in dietetics and cosmetology.!'?
They have been reported to enhance mental and behavioral
symptoms of dementia, including dementia with lewy bodies
and aggressiveness in patients with Alzheimer’s disease.!*
Furthermore, their antiviral and cancer-inhibiting properties
could have pharmaceutical applications.['Y However, catechin
powders are poorly soluble in water and easily oxidized.!"”!
Consequently, the potential for catechins to reach the target
proteins responsible for cancer cell development is suboptimal.
Therefore, improving solubility is essential to enhance the
potential of catechins as anticancer agents. On the other hand,
cyclodextrins (Fig. 1b) are a type of truncated-cone
polysaccharide mainly composed of six to eight D-glucose
monomers linked by a-1,4-glucose bonds with a hydrophobic
central cavity and a hydrophilic outer surface, which allow
them to encapsulate model substrates and form host-guest
complexes or supramolecular species (Fig. 1¢). This capability
enhances the drug solubility in aqueous solutions and affects
the chemical characterization of drugs.

Several studies have explored catechin encapsulation with
BCD or its derivatives to improve antioxidant delivery or
shelf-life. For instance, Chagam et al. (2020) reported
enhanced physicochemical properties, thermal stability, and
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antioxidant activity of catechins through inclusion
complexation with B-cyclodextrin.l'! Similarly, Zhang et al.
(2025) demonstrated that hyperbranched cyclodextrin—
catechin inclusion complexes exhibited improved stability,
antioxidant, and antimicrobial properties.l'” However, limited
studies have focused specifically on enhancing anticancer
activity via such inclusion complexes, and even fewer have
combined both experimental and computational approaches.
In our previous research, we reported the anticancer activity
of Nano Uncaria gambir.'¥ Building on this, the present study
involves the isolation and characterization of catechin from
Uncaria gambir. Furthermore, to improve the absolute
bioavailability of catechin towards cervical cancer, we
investigated its interaction with a series of cyclodextrins,
including B-Cyclodextrin (BCD) and 2-hydroxypropyl--
cyclodextrin (HPBCD). We observed various factors that
affect complexation selectivity and stabilization. Additionally,
we conducted molecular modeling studies to build three-
dimensional models of BCD and HPBCD upon complexation
with catechin to provide a more detailed description of the
interactions, thereby rationalizing the experimental results.
Finally, we studied the anticancer potential of both catechin
and its encapsulated derivatives against breast cancer (MCF-
7) cell lines (Fig. 2).

2. Experimental section

2.1 General

The U. gambir sap was obtained from traditional markets in
Surabaya, Indonesia. The plant material was authenticated and
assigned a voucher specimen (No. 547/02.Genbinesia/2023) at
Yayasan Generation Biology Indonesia. f-cyclodextrin (BCD)
and 2-hydroxypropyl-peyclodextrin (HPBCD) were purchased
from Sigma—-Aldrich Inc. St. Louis, MO. UV-Vis
measurement was conducted using UV-1800, respectively.
The X-ray diffraction (XRD) powder diffraction pattern was
recorded on an X-ray diffractometer (AXS D8 Advance,
Bruker Inc., Germany) using Ni-filtered Cu K o radiation (A =
1.5406 A) at a voltage of 40 kV and a current of 40 mA, while
the morphology was recorded using a SU-8010 environmental
scanning electron microscope system (Hitachi Company,
Tokyo, Japan). A 600 MHz Bruker spectrometer was
employed to measure the 'H and '*C nuclear magnetic
resonance (NMR) spectra in MeOH solutions. The coupling
constants and chemical shifts are reported in Hz and ppm,
respectively. Silica gel Merck 60 GF254 was used for vacuum
liquid chromatography (VLC), while silica gel Merck G60
was used for gravity column chromatography (GCC). Thin
layer chromatography (TLC) was performed on an aluminum
plate coated with Silica gel Merck Kieselgel 60 GF254. The
melting point was determined using a Fisher Johns Melting
Point Apparatus.
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Fig. 2: Schematic diagram of the research.
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2.2 Extraction, isolation, and characterization

The dried U. gambir sap (500 g) was extracted using
maceration with methanol at room temperature for 3 x 24
hours. The resulting methanol extract was concentrated using
a rotary vacuum evaporator and partitioned sequentially with
n-hexane and ethyl acetate, yielding n-hexane, ethyl acetate,
and methanol residue extracts. The ethyl acetate extract (60 g)
was evaporated and subjected to vacuum liquid
chromatography (VLC) using a dichloromethane and

methanol gradient elution system with increasing polarity (100%through molecular

to 70:30). At eluent system of dichloromethane and methanol
(90:10), Catechin, along with some impurities, was obtained.
Further purification of catechin was performed using gravity
column chromatography (GCC) with a  similar
dichloromethane-methanol gradient (100% to 80:20). Pure
catechin was successfully isolated at the 90:10 elution ratio.
The structure of the purified catechin was confirmed through
various structural elucidation techniques, including Nuclear
Magnetic Resonance (NMR) spectroscopy, UV-Vis, and
Fourier Transform Infrared (FTIR) spectroscopy, following a
purity assessment.

2.3 Inclusion complex preparation

Catechin-B-cyclodextrin (Cat-BCD) complexes were prepared
using the conventional kneading method.!"” Catechin and BCD
were mixed in a 1:1 ratio and kneaded for 30 minutes with a
minimal amount of water. The 1:1 ratio was selected based on
preliminary phase solubility studies (see Section 3.2.2), which
indicated the formation of a stable inclusion complex with a
1:1 stoichiometry. The resulting homogeneous paste was
collected and dried to constant mass for subsequent analysis.
The same procedure was applied for HPBCD. The calculated
percentage yields were 76% for BCD and 70% for HPBCD.
D>0O was used as the solvent for the 'H-NMR analyses.

2.4 Stoichiometry and formation constant studies

In this study, changes in absorbance intensities were observed
when the concentration of the analyte (Cat) was held constant
at 0.1 mM, while the concentrations of BCD and HPBCD were
increased (0.001, 0.002, 0.003, and 0.004 M).2% A phase
solubility diagram was created by plotting 1/A against 1/[fCD
& HPBCD], where A represents the maximum absorbance of
catechin and [BCD & HPBCD] denotes the concentration of
BCD or HPPCD, respectively. Using this diagram, the
stoichiometric ratio and formation constant (K) were
determined with the modified Benesi—Hildebrand
equation.???) The K value was calculated by dividing the slope
with the intercept of the straight line obtained from the double
reciprocal plot.

2.5 System preparation
The modeled catechin (Cat) was optimized using the Semi-

Empirical Quantum Method-Parametric method 6 (SQM-PM6)

through the Gaussian 16W package. This method was selected
to calculate the electrostatic potential (ESP) charge.

4| Eng. Sci., 2025, 35, 1571

Optimization aims to calculate ESP charge for organic small
molecules. Meanwhile, the BCD and HPBCD structures were
prepared using the Chimera 1.13 package to calculate several
crucial parameters for further analysis, such as force field,
bonded, non-bonded, and charge.

2.6 Molecular docking

The prepared Cat, BCD, and HPBCD structures from the
previous step are used to perform the inclusion complexation
docking. It was performed by
AutoDockTool version 1.5.6 and AutoDock Vina packages.
These packages were considered due to their balance of
stability, ease of use, and compatibility with established
docking protocols. Molecular docking helps determine the
initial conformation of small molecules inside the cavity of the
host material.?*! The grid box was constructed to cover all
surfaces of the host material, with the number of points in the
X, v, and z dimensions set to 40 (BCD) and 55 (HPBCD),
respectively. Then, docked conformations from the obtained
inclusions were selected based on the lowest dock score. This
structure will be used for further evaluation through molecular
dynamics (MD) simulation as the initial conformation.

2.7 Molecular dynamics simulation

The inclusion complex was obtained from molecular docking
to understand their dynamics behavior through the Amber23
and AmberTools24 packages. The topology of each system
was prepared through the tleap tool.>! Moreover, the force
field parameter was applied to the topology system, including
the antechamber'®®! module with the AMI1-BCC method.
Meanwhile, BCD and HPBCD force fields were generated
through the Glycam-06,1*7! and general AMBER force field
(GAFF).[281 Water molecules (octahedral TIP3P model) were
added to the inclusion complex with a distance of 15 A to
generate a solvated system. Continue, the solvated inclusion
complex was minimized using the steepest descent (maxcyc)
of 3000 steps and the conjugate gradient (ncyc) of 1500 steps
to reduce bad atomic contact in the system. Then, the system
was heated gradually at 10.0 K to 298.0 K over 100 ps using a
canonical ensemble (NVT). The following step was the system
equilibrium for 1000 ps at a constant temperature (298.0 K).
The equilibrated system was simulated under periodic
boundary conditions (1 atm and 298K) with the isothermal-
isobaric ensemble (NPT). The SHAKE algorithm was applied
to constrain hydrogen bonds involved in the system. The
Particle Mesh Ewald (PME) method was used to calculate
charge-charge interactions (Cut-off: 12 A).1?I The production
step was simulated along 350 ns (three replicates) for each
system. It aims to produce the trajectory system for evaluation
purposes. It should be noted that the simulation was performed
using the Graphical Processing Unit of the PMEMD.cuda
tool.[3%

2.8 Trajectories analysis
The obtained trajectories were used to calculate several
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variables, such as system stability and binding free energy.
Through cpptraj®! tool was applied to calculate the root-
mean-square of displacement (RMSD), radius of gyration
(RoQG), distance, and hydrogen bond (Hbond). In particular,
binding free energy (AGpindg) Wwas estimated through
MMPBSA.py.BP? Several approaches were used to estimate
AGuing, such as the Molecular Mechanics-Poisson Boltzmann
Surface Area (MM-PBSA), Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA), and Quantum
Mechanics/Molecular Mechanics-Generalized Born Surface
Area (QM/MM-GBSA). The estimation of AGyping consists of
enthalpy (AH) and entropy change (-7AS) (Eqn. 1). The -TAS
term was performed using a Normal Mode (NMODE)
approximation. Meanwhile, the AH term consists of the free
energy of the gas (AGgas) and solvation (AGsoly) terms (Eqn. 2).
In detail, the AGgas is influenced by van der Waals (AEvaw) and
electrostatic (AEcic). Meanwhile, the AGs, is influenced by the
Poisson Boltzmann/Generalized Born model (AGEE{QGB ), and
solvent-accessible surface area energy ( AGyy olar ). 1
particular, the QM/MM-GBSA approach provides additional
energy in the form of self-consistent energy (AGscr). The PM6
semi-empirical method was chosen as the level of theory for
the quantum mechanical (QM) region, which was assigned to
the guest molecule (Cat). The PM6 semi-empirical method
was selected for QM/MM-GBSA calculations because it offers
a good balance between accuracy and computational
efficiency, especially for organic host—guest systems like
cyclodextrin complexes. Although more accurate methods like
DFT exist, they are too computationally intensive for
analyzing thousands of MD snapshots. Therefore, PM6 was
selected, ensuring valuable insight into key interaction
energetics without excessive computational cost. The
molecular mechanics (MM) region, on the other hand, was
applied to the host materials (BCD and HPBCD).

AGuina = AH - TAS (1)

AH = AGgas + AGiolv )

2.9 Biological activity

MCEF-7 cells were seeded in 96-well plates at a density of 1 x
10* cells per well and allowed to incubate for 24 hours before
treatment. Serial dilutions of BCD, HPBCD, Cat, Cat-fCD,
and Cat-HPBCD were prepared in Dimethyl Sulfoxide
(DMSO) for the treatments. The final concentrations
administered for each compound were 200 pg/ml, 100 pg/ml,
50 pg/ml, 25 pg/ml, and 12.5 pg/ml. The cells were exposed
to these treatments for 24, 48, and 72 hours. The effects of the
compounds on the viability of MCF-7 cells were assessed
using the 3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay.**/ A 5
mg/ml MTT solution was prepared by dissolving MTT powder
in sterile Phosphate Buffered Saline (PBS). Following the
treatment periods, the media was aspirated and replaced with
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fresh media containing 10% MTT solution. After a 4-hour
incubation, the MTT-media solution was removed, and the
purple formazan crystals formed were dissolved in 100 pl of
DMSO. The optical density was then measured at 570 nm with
a reference wavelength of 620 nm using an absorbance reader.
To confirm that DMSO did not contribute to cytotoxicity at the
concentrations used, control experiments with DMSO alone
(at the highest concentration present in the test samples) were
conducted. No significant reduction in cell viability was
observed, confirming DMSO compatibility with the MTT
assay at these levels.

3. Results and discussion

3.1 Structure elucidation of catechin

Compound 1 (10 g) was characterized as a white crystal with
a melting point 0of 236 °C. Its structure was elucidated through
various spectroscopic analyses, such as UV Vis, FTIR, 'H-
NMR, *C-NMR, and 2D techniques including COSY, HSQC,

n and HMBC (Figs. S1-S11). The UV-Vis (MeOH) spectrum

shows Amax (nm) at 281, while the FTIR spectra revealed OH
bands at 3276 cm™! (associated with the OH group of phenol),
other characteristic bands reveal include 2932 cm™! (indicating
C-H stretching) as well as 1622 cm! (corresponding to C=C
stretching). "TH-NMR (600 MHz, MeOD) 6 6.89 [1H, d,J=2.0
Hz, (H-2")], 6.81 [1H , d, J=8.1 Hz, (H-5%)], 6.77 [1H , dd, J
= 8.2, 2.0 Hz, (H-6%)], 5.98 [1H, d, J = 2.3 Hz, (H-6)], 5.91
[lH,d,J=2.3 Hz, (H-8)],4.62[1H, d, J=7.5 Hz, (H-2)], 4.02
[1H, td,J=7.9,5.4 Hz, (H-3)], 2.90 [1H, dd, J=16.1, 5.4 Hz,
(H-4A), 2.56 [1H, dd, J = 16.1, 8.1 Hz, (H-4B)]. 3*C NMR
(151 MHz, MeOD) & 157.82 (C-7); 157.56 (C-5); 156.90 (C-
9); 146.23 (C-3”); 147.21 (C-4’); 132.22 (C-17); 120.02 (C-6");
116.07 (C-5%); 115.25 (C-2’); 100.82 (C-10); 96.30 (C-6);
95.51 (C-8); 82.64 (C-2); 69.29 (C-3); 28.49 (C-4).

Fig 3: Structure of Isolated Compound (Catechin).

The 'H-NMR analysis indicated the presence of nine
protons, with the aromatic protons exhibiting signals at 6H
5.98 ppm (H6, d, J = 2.3 Hz), dH 5.91 ppm (HS, dd, ] =2.3
Hz), 6H 6.90 ppm (H2’, d, J = 2.1 Hz), 6H 6.80 ppm (H5’, d,
J =6 Hz), and 6H 6.77 ppm (H6’, dd, J = 6 Hz, and J = 2.1
Hz). Based on the coupling constant values, the H6’, H5’, and
H2’ protons formed an ABX system on ring B, while H6 was
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Table 1: NMR data (600 MHz, MeOD) of Catechin.

Position Compound 2 (600 MHz, MeOD) Ref. 341 (600 MHz, CDCL3)
5C (ppm) SH (ppm) (mult, J in Hz) 8C (ppm) SH (ppm) (mult, J in Hz)
2 82.6 (CH) 4.62 (d, J=17.5Hz) 82.6 (CH) 4.56,d
3 69.2 (CH) 4.02 (td,J=7.9,5.4 Hz 68.3 (CH) 4.06, m
4 28.4 (CHy) 2.56 (dd, J=16.1, 8.1 Hz) 28.80 (CH2) 2.53,dd
2.90 (dd, J=16.1,5.4 Hz) 2.98,dd
10 100.8 (C) - 100.6 (C) -
5 157.5(C) - 157.2 (C) -
6 96.3 (CH) 5.98 (d,J=2.3 Hz) 96.1 (CH) 6.02 (d,j=2.3 Hz)
7 157.8 (C) - 157.7 (C) -
8 95.5 (CH) 5.91(d,J=2.3 Hz) 95.4 (CH) 5.88 (dd, j=2.3 Hz)
9 156.9 (C) - 156.65 (C) -
1’ 132.1 (C) - 132.1 (C) -
2’ 115.2 (CH) 6.89 (d, J=2.0 Hz) 115.2 (CH) 6.90 (d, j=2.1 Hz)
3 146.2 (C) - 145.6 (C) -
4 147.2 (C) - 147.7 (C) -
5 116.0 (CH) 6.81 (d, J=8.1 Hz) 115.6 (CH) 6.80 (d, j =6 Hz)
6’ 120.0 (CH) 6.77 (dd,J=8.2,2.0 Hz 119.9 (CH) 6.76 (dd, j = 6.0 & 2.1 Hz)

positioned meta to H8 on ring A. The non-aromatic cyclic
protons appeared as a doublet at 6H 4.62 ppm (H2, d) and as a
multiplet at 6H 4.02 ppm (H3, td). The chemical shifts for the
remaining protons were 6H 2.56 ppm (H4a, dd) and 6H 2.90
ppm (H4b, dd), corresponding to the secondary protons of
methylene (-CH2-). The 13C-NMR showed 15 signals,
indicating the number of carbons in the structure of the
isolated pure catechin compound. The DEPT 135 spectrum
revealed that the isolated compound included seven tertiary
carbons (6C 69.2, 82.6, 95.5, 96.3, 115.1, 115.2, and 120.0
ppm), seven quaternary carbons (8C 100.8, 132.1, 146.2,
147.2, 156.9, 157.5, and 157.8 ppm), and one secondary
carbon (6C 28.4). The data obtained from the NMR spectra
were further compared to the data from previous literature
(Table 1). (The minor changes observed were due to the
differences in the solvent used for the NMR analysis). From
these findings, Compound 1 (Fig. 3) was identified as (+)
Catechin with the molecular formula C;sH4Os.

3.2 Formation of inclusion complexes

3.2.1 Inclusion complex study

For the inclusion complex study of catechin with BCD and
HPBCD, the absorption of catechin was observed before and
after the addition of BCD and HPBCD. Before the addition,
both BCD and HPBCD showed no absorption within 250 to
300 nm. After the addition of BCD and HPBCD to catechin,
the absorption of catechin and the respective complexes
remained unchanged. However, the intensities were observed
to have increased (Fig. 4). This increase in intensity indicated
the formation of inclusion complexes, with the HPBCD
complex showing higher intensity compared to the
BCD complex.!

3.2.2 Stoichiometry and Apparent Formation Constant of

the Inclusion Complex
To determine the apparent formation constant of the inclusion

6 | Eng. Sci., 2025, 35, 1571

complex of catechin with BCD and HPBCD, the concentration
of catechin was maintained at 0.1 mM while the
concentrations of BCD and HPBCD were increased. The
absorbance of the solutions was measured at 236 nm against a
reagent blank prepared with identical reagent concentrations
but without catechin. The absorption spectra of the inclusion
complex at different concentrations of CD and HPBCD are
shown in Fig. 5. It was observed that the absorbance value
increased with increasing cyclodextrin concentration while the
concentration of catechin remained constant. This indicates
that the solubility of catechin increases upon forming the
inclusion complex.

1.0
Cat
0.8 —BCD
i Cat-pCD
0.6
0.4
o 0.2
Q
c ]
[s+]
g 0.0 T u T u T
8 ] Cat
< 0.8 HPRCD
] Cat-HPBCD
0.6
0.4
0.2 1
0.0

I I
300 350
Wavelength (nm)

Fig. 4: The effect of the addition of BCD and HPBCD on the
absorbance of Cat.
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Fig 5: Absorption spectra of Catechin with various

concentrations at pH 7, =25 °C. From lines 1 to 5: 0 M; 0.001
M; 0.002 M; 0.003 M and 0.004 M.

Based on the Benesi—Hildebrand equation, reciprocal plots
for all the complexes were created to determine the
relationship between 1/A and 1/[BCD] or 1/[HPBCD]. Good
linear relationships were obtained for all complexes (Fig. 6),
indicating that the stoichiometric ratios for all host-guest
complexes were 1:1. Moreover, the formation constants (K)
values suggested that catechin formed more stable and reliable
inclusion complexes with HPBCD compared to native BCD,
with K value of 16,973.5 g/mol and 16,868 g/mol,
respectively.6 37

3.2.3 Field Emission Scanning Electron Microscopy
(FESEM) Analysis

Field Emission Scanning Electron Microscopy (FESEM) was
employed to examine the surface morphology of Cat, BCD,
HPBCD, and their respective inclusion complexes. Pure Cat
(Figs. 7a and 7b) exhibited a highly agglomerated needle-
shaped crystal, characterized by irregular and compact clusters.
This observation aligns with previous studies, which have
reported catechin crystallizing in irregular plate-like, needle-
like, or rod-like forms, contributing to its poor solubility and
stability.**3° In contrast, BCD (Fig. 7c) displayed well-defined,
block-like particles with a porous texture, consistent with the
semi-crystalline nature of native cyclodextrins.l**# Similarly,
HPBCD (Fig. 7d) exhibited a spherical, highly porous
structure with a more fragmented appearance compared to
BCD.B7 41 This morphological distinction is associated with
enhanced solubility and dispersibility, corroborating previous
findings that HPBCD possesses superior inclusion capacity
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due to its amorphous and disordered nature.!!#2!

The formation of catechin inclusion complexes resulted in
significant morphological transformations compared to the
individual components. For the Cat-BCD complex (Fig. 7¢),
the structure appeared more compact and homogenized,
indicating successful interaction between catechin and BCD.
The newly formed particles displayed reduced agglomeration
and a smoother surface texture, which are indicative of partial
inclusion and altered crystal habit.¥! The disappearance of
catechin’s crystalline features suggests that complex
formation induced partial amorphization, a phenomenon
previously observed in Cat-BCD inclusion complexes.* In
the case of the Cat-HPBCD complex (Fig. 7f), a more
pronounced transformation was observed. The original
crystalline structure of catechin was no longer visible,
replaced by a uniform, granular morphology. This morphology
points to a well-encapsulated system with enhanced
homogeneity, which may facilitate better aqueous dispersion
and stability.! This indicates more efficient molecular
dispersion within the HPBPCD matrix. The observed
morphological changes confirm the successful formation of
Cat-BCD and Cat-HPBCD inclusion complexes.

3.60
3.55 1
(=)
2 3.50-
3.45-
3.40 - y = 0.0002x + 3.3736
R?*=0.9613
200 400 600 800 1000
65 .
Cat-HPBCD
3.60 -
o ]
o 3.55
e
T
-..F'T.' 3.50
3.45 -
y = 0.0002x + 3.3947
2=
PRI
200 400 600 800 1000
1/[A]

Fig 6: Reciprocal plot for 1/A against 1/[ BCD and HPBCD] of
inclusion complex.
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3.2.4 XRD characterization of catechin and cyclodextrin
complexes

The X-ray diffraction (XRD) pattern of pure Cat (Figs. 8 & 9)
exhibits sharp and intense diffraction peaks notably at peaks
20 = 6.8, 9.20, 14.8°, 15.2°, 19.5°, 21.5, 23.2¢, 24.9e,
25.90,26.1°, 27.5°and 28.9°, confirming its highly crystalline
nature. This observation aligns with previous studies,?4
which have reported that catechin exists in a well-ordered
molecular arrangement stabilized by strong intermolecular

8| Eng. Sci., 2025, 35, 1571

hydrogen bonding. These structural characteristics contribute
to its poor solubility. In contrast, as shown in Fig. 8, the XRD
profile of PCD reveals a semi-crystalline structure,
characterized by broad diffraction peaks at approximately 20
9.2°,12° and 18°. This pattern is consistent with earlier studies
and reflects the semi-crystalline nature of PCD.[ #4748 The
XRD pattern of HPBCD (Fig. 9) demonstrates a more
amorphous profile compared to PBCD, with a significant
reduction in peak intensity. This transformation from a semi-
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crystalline to an amorphous state is attributed to
hydroxypropyl substitution, which disrupts the ordered lattice
structure of cyclodextrins.F73841421 This structural change
(absence of sharp peaks) in HPBCD suggests enhanced
molecular flexibility, improved complexation efficiency, and
facilitated better dissolution and bioavailability as reported in
previous studies.?]

Cat-5CD

BCD

Cat

10 20 30 40
2Theta

Fig. 8: XRD patterns of Cat (black line), CD (red line), and
Cat-BCD complex (blue line). Position of peaks reported in
Angstrom (A).

mﬁcn

—_—]

Cat

10 20 30 40
2Theta

Fig. 9: XRD patterns of Cat (black line), HPBCD (red line), and
Cat-HPBCD complex (blue line). Position of peaks reported in
Angstrom (A).

Overall, the XRD analysis highlights distinct differences in
crystallinity among catechin, BCD, and HPBCD (Figs. 8 and
9), which significantly influence their complexation behavior.
While catechin remains highly crystalline, its interaction with
BCD results in partial peak reduction, indicating moderate
inclusion complex formation. The presence of less intense and
broader peaks in the Cat-BCD complex spectrum reflects a
partial loss of crystallinity, suggesting that the host-guest

Engineered Science Publisher

interaction has disrupted the original crystal lattice of
catechin.[*¥ In contrast, HPBCD exhibits a nearly amorphous
structure, demonstrating superior encapsulation efficiency and
solubility enhancement. Notably, the XRD pattern of the Cat-
HPBCD complex lacks distinctive peaks, implying complete
amorphization and successful molecular dispersion within the
cyclodextrin matrix.l*’) This trend is consistent with previous
research, which has shown that amorphous cyclodextrins
provide better molecular dispersion, leading to improved
dissolution properties.[*?l These findings underscore that
HPBCD is a more effective carrier for catechin compared to
BCD, owing to its enhanced molecular interactions and
reduced crystallinity. The amorphous nature of HPBCD not
only promotes stronger host—guest interactions but also
contributes to improved pharmaceutical performance in terms
of solubility and bioavailability.

3.2.5 'TH-NMR analysis

"H NMR spectroscopy is an effective technique for confirming
the formation of inclusion complexes and can provide
valuable insights into the inclusion mechanism of
cyclodextrins (CDs) with guest molecules.**! In this study,
both the 'H-NMR of the Cat and the CDs were dissolved in
D,O (Fig. 10).

As shown in Fig. 11, Chemical shift changes in chemical
shift of specific nuclei in the host molecule can indicate the
formation of an inclusion complex in solution (Table 2), as
significant alterations are known to occur in the CD of the
complex.5?! In the case of BCD, a pronounced upfield shift of
the protons on H3, HS5, and H6 (Ring B) was observed,
suggesting that Ring B is situated within the inner cavity of
the complex. In contrast, the H6 and H8 protons (Ring A) of
BCD also experienced an upfield shift, but the changes were
not as significant, indicating that Ring A is positioned on the
outer part of the cavity (Fig. 8). For HPBCD, a substantial
upfield shift was observed for the protons on H6, and HS (Ring
A), suggesting that Ring A is located in the inner cavity of the
complex. Conversely, the H3, HS5, and H6 protons (Ring B) of
HPBCD also showed an upfield shift, but without considerable
changes, indicating that Ring B is positioned on the outer part
of the cavity (Fig. 12).

3.3 Molecular studies of inclusion complex

3.3.1. Initial conformation

Molecular docking was executed to obtain the initial
conformation of Cat as guest toward CD and HPBCD as host
material. The docking results show that Cat has two favorable
conformations within the cavity of both materials. Noted, the
host material structure is a truncated cone shape, with the
narrow rim (O6) indicated by the primary side and the wider
rim (O2) indicated by the secondary side (Fig. 1b). The Ring-
B of Cat is oriented toward to the narrow rim of BCD.
Conversely, in the HPBCD complex, the B-ring is positioned
near the wider rim (Fig. 12), which allows for deeper insertion
and more favourable hydrogen bonding interactions. This
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Table 2: The chemical shifts (8) of Cat, BCD, and HPBCD, Cat complexes and their complexation shifts (Ad).
Chemical Shift/Ad (ppm)

Compound
H2’ H5’ H6’ H6 HS8
Cat 6.90 6.88 6.81 6.06 5.95
Cat-pCD 6.79 6.74 6.69 6.05 5.93
AS* 0.11 0.14 0.12 0.01 0.02
Cat-HPBCD 6.87 6.86 6.76 5.99 5.80
AS* 0.03 0.02 0.05 0.17 0.15
Note: Ad*= SCal'Scomplex-
H-5"
H-2’
H-6 3-
He6’ - H-3-OH
H-3 H-4a
H-4b
| [
7.‘0 SJE 6!0 S.IS S.ID 4,‘5 410 3.‘5 3.‘0 2:5
f1 (ppm)
Fig. 10: 'H-NMR spectra of (+) catechin in D,O.
a H-5° H-6
H-2 AT
H-8
H-6
b H-5"
H-2 H-6°
/ "\ A
C H-5°
H_2'.| H-6

H-6° H-8

0 695 690 B85 &30 675 670 665 560 B55 650 645 &40 5,_,35( G-iﬂ 625 620 615 610 65.05 600 595 590 585 580 575 570 565
ppm

Fig. 11: 'H-NMR spectra: (a) Cat-HPBCD; (b) Cat-BCD; and (c) Cat.
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Fig. 13: Each system's root-mean-squared deviation (RMSD) is plotted along 350 ns of trajectories using the cpptraj tool.

statement is supported by their dock scores with Cat-BCD: -
5.70 kcal/mol) and Cat-HPBCD (-6.20 kcal/mol). Next, we
chose the best conformation for these conformations
according to the lowest dock score as the initial structure from
molecular docking for MD simulation purposes. Naturally, the
lowest dock score provides better confirmation.>3 Overall,
both conformations are well occupied within the cavity of
cyclodextrins (CDs). For evaluation, the obtained
conformation from this step is continued for further analysis
via MD simulation.

3.3.2 System stability
To evaluate the stability of the inclusion complexes, several

Engineered Science Publisher

parameters were analyzed, including total energy (Eiotwal),
temperature, root-mean-square deviation (RMSD), radius of
gyration (RoG), center-of-mass distance, and hydrogen
bonding (H-bond) interactions.’ The RMSD profiles
revealed that both Cat-BCD and Cat-HPBCD systems
maintained low fluctuations below 4 A throughout the 350 ns
simulations (Fig. 13), indicating well-stabilized complexes.
These results are consistent with previous studies showing that
cyclodextrin-based host systems exhibit stable RMSD profiles
when complexed with small molecules.!

As mentioned in molecular docking (Fig. 12), the Cat
conformation in the cavity of both CDs has an opposite
orientation. This orientation difference is reflected in the

Eng. Sci., 2025, 35, 1571 |11


https://www.espublisher.com/

Research article

Engineered Science

30
25
20
15
10

Hl'4): k i

|.\|l i

bk -||i||}‘-

'|| b h“"

30
25

Distance (A)

20

15

0
0

D2 Time (ns)

bl b,

st N TEF | ot PP T T T Tl A b W g WP TP PP iy T T T P

Complex Conformation

Cm (B Ring)

cm (A ng)

aod-en

Mh mwhnl ﬂ h

ﬂ.u )

asddH-1ed

50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 25030350

Fig. 14: The distance variable is plotted along 350 ns of trajectories using the cpptraj tool, where d[Cp, (primary rim)-Cm(Ring-B)]
(D1) and d[Cy (primary rim)-C(Ring-A)] (D2) are colored in blue and red, respectively.

distance measurements between catechin and the cyclodextrin
cavity rims. Specifically, for Cat-BCD, D1 and D2 averaged
2.64+1.46 A and 5.81 + 1.82 A, respectively, while for Cat-
HPBCD, the values were reversed, at 6.62 = 0.81 A and 1.40
+0.78 A (Fig. 14).

To further assess positional stability, the distance between
Cat (Ring-A or Ring-B) and primary ring was measured. It
aimed to ensure the coordinates of the Cat stayed in the cavity.
Moreover, the compactness of the inclusion complex was
measured through the RoG variable (Fig. 15). The RoG
variations ranged from ~5.56 to ~6.39 A, indicating a well-
inclused between guest and host of each complex. The trend
in RoG matched with RMSD, indicating good stability of
these variables. Our findings suggest the inclusion complex of
Cat-BCD and Cat-HPBCD achieved good stability and binding
coordinates that did not change significantly over the MD
simulation.

Molecular interactions are analyzed along the trajectories
generated during the simulation time that showed by the
hydrogen bond (Hbond) variable (Fig. 16). The H-bond
formation was considered by using a distance < 3.5 A and an
angle < 120°. The results show that Cat-HPBCD has more
interaction than Cat-BCD over the simulation. This
observation aligns with the more favourable positioning of
catechin within the HPBCD cavity, which, due to its
hydroxypropyl substitutions, offers enhanced flexibility and a
more hydrophilic environment conducive to hydrogen
bonding. The deeper insertion of catechin into HPBCD enables
better spatial alignment of its hydrogen bond donor and
acceptor groups, including phenolic —OH and ether
functionalities, thereby increasing the frequency and
persistence of H-bond formation.

It should be noted, that, Hydrogen bonding plays a critical
role in stabilizing inclusion complexes, enhancing both the
retention and orientation of guest molecules within
cyclodextrin cavities.*®) The greater number of H-bonds
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observed in the Cat-HPBCD complex supports the view that
its conformational orientation contributes to its superior
stability over time. These results collectively confirm that both
complexes are stable, with the HPBCD complex
demonstrating enhanced host—guest interactions attributable
to its conformational and structural features.

8
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2 4
a
2.
1 4
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0.
| |
6.0 6.2 6.4 6.6 6.8 7.0

RoG (A)
Fig. 15: The radius of gyration (RoG) variable is plotted along
350 ns of trajectories using the cpptraj tool. The RoG distribution
is plotted using kernel smoothing.
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Fig. 16: Molecular interaction between Cat and CDs is plotted over 350 ns of trajectories. Cut value of H-bond (distance < 3.5 A and
angle < 120°). The number of interactions is colored from the lowest (white) to the highest (brown).

Table 3: Energy components (kcal/mol) of inclusion complexes estimated with MM-GBSA, MM-PBSA, and QM/MM-GBSA
approaches. Data are shown as mean + standard error of the mean (SEM).

Energy Cat-BCD Cat-HPPCD
Component MD1 MD2 MD3 MD1 MD2 MD3
Gas Term

AGgas(MM) -36.02+0.18  -3491+0.16 -40.58£0.18  -43.18+0.16  -44.57+0.14 -41.75+0.16
AGgasQM) -2720+£0.18  -27.98 +£0.08 -26.84+£0.08  -35.17+0.08  -36.03 +0.07 -34.61 £0.07
Solvation (GBSA)

AGsol (MM-GBSA) 16.01 +0.14 15.19+£0.10 17.68 +£0.10 18.93+0.11 19.78 £0.10 18.15+0.11
AGsol (MM-PBSA) 18.58 +£0.12 17.85+0.10 20.26+0.10 18.57+0.12 19.21+0.10 17.79 +0.11
AGsol (QM-GBSA) 20.66 +0.13 20.30 £0.12 21.79+0.12 2524 +0.12 26.45+0.12 24.50 +0.13
Enthalpy

AHMM-GBsA) -20.01+0.09  -19.72+0.08 -2290+0.10  -2424+0.08 -24.78 +0.07 -23.59 £ 0.08
AHmm-pBSA) -17.44+£0.10  -17.05+0.09 -20.32+0.11 -24.60+£0.10  -25.35+0.08 -23.95+0.09
AHQMMM-GBSA) -17.54+0.09  -17.50+0.08 -19.92+£0.10  -20.50+0.08  -21.05+0.08 -19.96 £ 0.07
Entropy

-TAS -1643+£0.12  -15.94+0.10 -18.14+£0.12  -1822+0.12  -18.55+0.13 -18.00 £ 0.14
Binding Free Energy

AGbind(MM-GBSA) -3.58 -3.77 -4.76 -6.02 -6.23 -5.59
AGubind(MM-PBSA) -1.01 -1.10 -2.18 -6.38 -6.80 -5.95
AGbind(QU/MM-GBSA) -1.11 -1.55 -1.78 -2.28 -2.50 -1.96

3.3.3 Free energy binding

To estimate the binding affinity of the inclusion complexes,
binding free energy (AGuind) Was calculated using three
approaches: MM-GBSA, MM-PBSA, and QM/MM-GBSA. A
total of 5000 snapshots were extracted from the last 100 ns of
the MD trajectories for each system. The energy components
obtained from these methods are summarized in Table 3.
Thermodynamically, a more negative (AGpind) Value indicates
a stronger interaction between the guest (Cat) and host (BCD
or HPBCD). This binding affinity is influenced by

Engineered Science Publisher

contributions from the gas-phase interaction energy (AGgas)
and solvation energy (AGsol), Which collectively determine the
thermodynamic stability of the inclusion complexes.7*!
Among the components, the gas-phase interaction energy
AGgas made the most significant contribution to AGping. While
the solvation energies AGso derived from both GB and PB
showed only minor variations between complexes, notable
differences were observed in the enthalpy (AH) values, which
significantly influenced the final binding energy values.
Entropic contributions (-7AS), on the other hand, were
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comparable across all systems. The overall AGying values from
all approaches consistently indicated that the Cat-HPBCD
complex exhibits a stronger binding affinity than the Cat-fCD
complex. These results are congruent with previously
observed trends in docking scores (Fig. 12) and formation
constants (Fig. 6). Collectively, these findings suggest that
HPBCD forms a more stable and thermodynamically
favourable inclusion complex with Cat compared to BCD. This
is supported by stronger binding affinity, increased hydrogen
bonding interactions, and higher structural stability during the
simulation period. The superior binding performance of
HPBCD highlights its potential as a promising carrier to
enhance the solubility and bioavailability of Cat in drug
delivery applications.
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Fig. 17: Cell viability of MCF-7 cells using MTT assay. The
dose-response curves of treatment for 24, 48, and 72h,
respectively. The cells were treated with various concentrations
of BCD, HPBCD, Cat, Cat-BCD, and Cat-HPBCD.
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3.4 Inclusion complex enhances the inhibition of breast
cancer cell
In this study, we observed that Cat-HPBCD was the only
compound among the tested formulations that significantly
reduced cell viability in MCF-7 cells. While the initial 24-hour
treatment did not result in a notable decrease in cell viability
or achieve an ICso value, prolonged exposure to Cat-HPBCD
for 48 and 72 hours showed a marked reduction in cell viability.
Specifically, the ICso values were determined to be 14 pg/mL
at 48 hours and 10 pg/mL at 72 hours (Fig. 17). This indicated
a time-dependent increase in the cytotoxic effect of Cat-
HPBCD on MCF-7 cells. However, at concentrations
exceeding the ICso values, an unexpected recovery in cell
viability was observed, suggesting that MCF-7 cells may
invoke compensatory mechanisms to resist high-dose toxicity.
Previous literature has reported similar biphasic dose-
responses, which was linked to stress-induced survival
pathways such as PI3K/Akt or Nrf2-mediated signalling.>”!
Although no additional gene expression or protein-based
assays were performed in this study, future investigations
involving RT-qPCR or Western blot analysis targeting pro-
survival genes and oxidative stress markers could help clarify
the molecular mechanisms behind this adaptive response.[*)
The findings from this cell viability assay suggest that Cat-
HPBCD possesses cytotoxic properties against MCF-7 breast
cancer cells, particularly with increased exposure time. The
fact that Cat-HPBCD was the only compound to reduce cell
viability effectively highlights its potential as a lead compound
for further investigation in cancer therapeutics. The absence of
an ICso value at 24 hours, followed by the attainment of ICs
values at 48 and 72 hours, indicates that the compound’s
cytotoxic effects are not immediate but build over time. This
delayed response could be attributed to the time required for
the compound to exert its effects on critical cellular processes.
The observed recovery of cells at higher concentrations
suggests that MCF-7 cells may activate survival pathways in
response to high doses of Cat-HPBCD. This speculation is
supported by reports of hormetic responses in cancer cells,
where low and high concentrations of a compound yield
different cellular outcomes due to adaptive stress responses.®'!
Although, this phenomenon warrants further investigation to
elucidate the underlying mechanisms, which could involve
alterations in gene expression or activation of drug efflux
pumps.? The lack of cytotoxicity observed with the other
compounds, including CD, HPBCD, and Cat, implies that the
combination of HPBCD with Cat may be crucial for its
enhanced efficacy. The potential synergistic effects between
HPBCD and Cat should be further explored to optimize the
formulation and improve its therapeutic index.

4. Conclusion

This study successfully isolated catechin from the sap of
Uncaria gambir and enhanced its solubility through molecular
encapsulation with B-cyclodextrin (BCD) and hydroxypropyl-
B-cyclodextrin (HPBCD). The formation constant of the
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complexes revealed that Cat-HPBCD (16,973.5 g/mol)
exhibited a higher stability than Cat-pCD (16,868 g/mol),
suggesting superior encapsulation efficiency. Computational
studies, including molecular docking and molecular dynamics
simulations, further confirmed that catechin forms stronger
and more stable interactions with HPBCD, as indicated by
higher docking scores and binding free energy (AGping). The
biological evaluation demonstrated that Cat-HPBCD exhibited
significant time-dependent cytotoxic effects against MCF-7
breast cancer cells, with ICso values at 48 and 72 hours,
indicating enhanced anticancer activity. However, the
observed recovery of cell viability at higher concentrations
suggests a complex biological response that may involve
resistance mechanisms or adaptive survival pathways. These
preliminary findings underscore the promise of HPBCD as a
delivery system for catechin, yet further studies—particularly
in vivo evaluations and molecular pathway analyses are
necessary to fully understand its therapeutic potential and
limitations. Overall, the findings of this study strongly support
HPBCD as a superior encapsulation material for catechin,
significantly enhancing its solubility, stability, and anticancer
activity, making it a promising candidate for future
pharmaceutical development.
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