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ABSTRACT

Betulinic acid (BA) and taraxerol (TA) have gained attention for their potent pharmacological antioxidant and antitumor
properties. However, their poor water solubility limits clinical use. In this study, polycaprolactone (PCL) nanocarriers were
prepared via a single emulsion—solvent evaporation method to co-encapsulate BA and TA, thereby improving their solubility,
stability, and bioavailability. The resulting particles had an average size of 261 + 7.70 nm and a zeta potential of —18.00 + 0.21 mV.
Encapsulation efficiency was 82.77% for BA and 69.84% for TA, with drug loadings of 6.57 + 0.45% and 5.54 + 0.23%, respectively.
XRD study confirmed the formulation’s amorphous state, which favors drug dissolution, and TEM showed a spherical shape. In
vitro release tests revealed a biphasic pattern: an initial burst followed by sustained release. The co-encapsulated nanocarriers
exhibited enhanced antioxidant activity compared to free and individually encapsulated compounds, as shown by improved free
radical scavenging. Additionally, the nanoformulation demonstrated significant antiproliferative effects against HepG2 and HeLa
cell lines, indicating strong antitumor potential. These results suggest that PCL nanocarriers co-loaded with BA and TA provide
a versatile and effective platform to enhance the therapeutic effects of natural triterpenoids, with promising applications for
managing oxidative stress-related conditions and cancer.

1 | Introduction dant systems. This imbalance can lead to irreversible cell damage

and death, as free radicals attack cells [1]. Oxidative stress can
Oxidative stress is a process that plays a key role in various  worsen chronic inflammation by activating various transcription
diseases, such as cancer. It occurs when there is an imbalance factors involved in inflammatory processes, leading to the release
between the production of reactive oxygen and nitrogen species ~ of inflammatory cytokines and chemokines. Simultaneously,
(ROS/RNS) and their elimination by the body’s intrinsic antioxi- inflammation triggers the overproduction of reactive oxygen

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.

© 2026 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

Macromolecular Materials and Engineering, 2026; 311:00456 10f16
https://doi.org/10.1002/mame.202500456


http://www.mame-journal.de
https://doi.org/10.1002/mame.202500456
https://orcid.org/0000-0002-9211-4990
https://orcid.org/0000-0002-0007-2595
mailto:bramalapa@csir.co.za
mailto:rsuprakas@csir.co.za
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mame.202500456

(a) )

\\\\\
g

FIGURE 1 |

species (ROS) and reactive nitrogen species (RNS), which further
oxidize cellular biomolecules, leading to oxidative stress and
tissue damage. Oxidative stress and inflammation often coexist,
creating a cycle in which ROS promotes inflammation and, in
turn, produces more ROS, further increasing cellular damage
[2]. Over time, this environment can lead to carcinogenesis,
contributing to the initiation, promotion, and progression of
tumors.

Over the years, natural compounds such as betulinic acid (BA)
and taraxerol (TA) have shown promising anticancer, antioxidant,
and anti-inflammatory effects in various in vitro and in vivo
studies [3]. Additionally, it is important to note that natural
products and their derivatives account for more than one-third
of the top-selling pharmaceuticals worldwide, underscoring their
historically significant contribution to pharmaceutical develop-
ment [4]. BA is a lupane-structured pentacyclic triterpene derived
from various botanical sources, such as fruits and vegetables
distributed throughout the plant kingdom. However, higher
amounts of this compound can be extracted from the birch
tree, mainly Betula alba. BA [5], and its derivatives exhibit a
wide range of pharmacological activities, including antimalar-
ial, anti-inflammatory, anti-HIV, anticancer, antidepressant, and
antioxidant effects [6, 7]. Studies consistently show that it
also has strong anticancer activity against various cancer cell
lines, including breast, prostate, and colorectal cancers [8, 9].
The mechanism involves inducing cancer cell death through
mitochondrial membrane permeabilization, which releases fac-
tors such as cytochrome ¢, Smac (second mitochondria-derived
activator of caspases), or AIF (apoptosis-inducing factor), in a
manner dependent on the permeability transition pore. This
process activates caspases, leading to nuclear fragmentation [10,
1].

Similarly, TA, an oleanane-type pentacyclic triterpene, is another
natural compound with significant potential for drug develop-
ment. It has attracted widespread attention for its possible use as a
therapeutic agent for treating various diseases [12, 13]. It is worth
noting that Hypericum perforatum, Clitoria ternatea, Mangifera
indica, and Strobilanthes crispus are among the leading plant
sources of TA [14]. Research on TA has received considerable
interest from scientists due to its substantial potential in pharma-
cology, including its ability to act as an antitumor, antimicrobial,
and anti-inflammatory agent, as well as in the treatment of
Alzheimer’s disease [15-18]. The chemical structures of BA and
TA are shown in Figure 1.

Chemical structure of (a) betulinic acid (BA) and (b) taraxerol (TA).

Despite having excellent anticancer properties, these compounds
face several limitations, including poor water solubility and a
short half-life, which diminish their efficacy and potential [19,
20]. To overcome the limitations of BA and TA, researchers have
explored various approaches to improve their physicochemical
and biopharmaceutical properties, such as encapsulating them
in nanocarrier-based drug delivery systems, including liposomes
and polymeric nanoparticles (PNPs) [21, 22]. Therefore, develop-
ing an effective delivery system is essential to address these issues
and enhance sustained solubility, bioavailability, and targeted
delivery of BA and TA as potent anticancer agents. Among
these systems, PNPs have gained popularity as suitable drug
carriers and are often made from biodegradable polymers such
as poly(e-caprolactone) (PCL). PCL is a synthetic, biodegradable,
and biocompatible polymer frequently used in nanoparticle
formulations. It is an affordable material approved by the US Food
and Drug Administration (FDA) [23-25].

The ability of PCL to effectively deliver various drugs to target
sites has been extensively studied [26, 27]. Hanie Ahmadi and
colleagues reported the development of curcumin-loaded PCL
NPs prepared by the emulsion-evaporation method, stabilized
with a pH-responsive emulsifier. Their study showed improved
NP stability, high encapsulation efficiency, and controlled pH-
triggered release of curcumin, highlighting the system’s potential
for targeted drug delivery applications [28]. M. Luisa et al.
[29] found that curcumin-loaded PCL NPs exhibit significant
antioxidant and cytoprotective effects under oxidative stress con-
ditions. Their research demonstrated that encapsulation in PCL
enhances curcumin’s stability and bioavailability, thus boosting
its effectiveness against reactive oxygen species (ROS)- induced
cellular damage.

On the other hand, Cabeza et al. [30] reported that doxorubicin
encapsulated in PCL NPs showed improved antitumor activity
and reduced systemic toxicity in both lung and breast cancer
(BC) models. Their study, which included extensive in vitro and
in vivo assessments, demonstrated that PCL-based NPs improve
drug delivery efficiency, sustain drug release, and reduce adverse
effects, highlighting their potential as safer and more effective
chemotherapeutic carriers [30].

Despite many studies focusing on a limited set of natural
compounds such as curcumin and quercetin, a growing body of
evidence shows that PCL NPs and other PCL-based nanomate-
rials can improve the solubility, stability, and therapeutic activity
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of various compounds. Notably, other promising phytochemicals,
such as BA and additional polyphenols, have limited PCL-based
reports, and co-delivery strategies are underdeveloped and poorly
optimized [21]. This study builds on these findings to further opti-
mize PCL-based delivery systems for these triterpenoids, aiming
to maximize their bioactivity and therapeutic potential against
oxidative stress and tumor cells. The main goal is to improve the
effectiveness of BA and TA for their antioxidant and antitumor
activities using a co-loaded PCL NPs system. The co-loaded
NPs showed that co-encapsulation increased antioxidant activity
compared to single-loaded and free compounds. The anticancer
potential of these NPs was tested in HeLa and HepG2 cells,
revealing greater cytotoxicity and proliferation inhibition with
the co-loaded formulation. These results highlight the synergistic
effects of BA and TA when co-encapsulated, suggesting that
PCL-based nanocarriers can serve as a promising platform for
developing new therapeutic strategies against cancer and other
diseases.

2 | Experimental Section

2.1 | Materials

Polycaprolactone (PCL, Mw 14 000), poly(vinyl alcohol) (PVA)
87-89% hydrolyzed (M, 30-70 kDa), sodium chloride (NaCl)
> 99.0%, potassium chloride (KCl) > 99.0%, sodium phosphate
dibasic (Na,HPO) > 99.0%, potassium phosphate monobasic
(KH,PO,) > 99.0%, phosphate buffer saline (PBS), acetone
(C3H¢O) > 99.5%, TWEEN 80 were purchased from Sigma-
Aldrich. BA was purchased from DB Fine Chemicals Specialties,
Johannesburg, and TA was extracted from the roots of Grewia
flava DC. Distilled water was used to prepare all the solutions. All
reagents were of analytical grade and used as received without
further purification.

2.1.1 | Plant Material and Extraction of TA

The roots of Grewia flava L. (Malvaceae) were collected from
Pickup Farm (Latitude 23° 9’ 60” South Longitude 29° 4’ 59”
East), near the Tswatsane River, in Limpopo Province, South
Africa. A voucher specimen was also collected and verified by
the National Biodiversity Institute in Pretoria, and the voucher
(MongaloNI 24) specimen was lodged at the University of South
Africa, Science Campus, Florida Park, Johannesburg. The roots
were washed with tap water, rinsed with distilled water, dried on
a laboratory workbench at 25°C, and ground into a 2 mm mesh
size using a Scientec Hammer mill. Approximately 3 kg of finely
ground plant material was submerged in acetone at a 1:5 (w/v)
ratio and shaken on an incubator shaker (Already Enterprise Inc.,
LM-600 RD, Taiwan) at 120 rpm for 4 days. The plant material was
filtered through Whatman’s No. 1 filter paper. The liquid extract
was then evaporated to dryness using a rotary evaporator at 40°C,
yielding 28.95 g of plant extract [31].

2.1.2 | Fractionation and Isolation of Compound

The extract obtained was then subjected to solvent-solvent frac-
tionation, using a method adopted from Suffness and Duros
[32]. The extract was subjected to solvent-solvent fractionation

using 1:1 chloroform: hexane to defat the extract. The chloroform
fraction was further reduced to dryness using a rotary evaporator,
yielding 19.55 g of the extract, which was subjected to column
chromatography using silica gel as the stationary phase and
hexane: ethyl acetate (9:1) as the mobile phase. TLC was used to
monitor the fractions collected from the column. Fractions 56 to
78 resulted in a whitish compound (A), while fractions 94 to 109
resulted in a light brownish compound (B).

2.2 | Preparation of PCL-Loaded BA and TA NPs
PCL-loaded BA and TA NPs were prepared using the single
emulsion solvent evaporation method with slight modifications
[33]. Briefly, 20 mg of PCL and 10 mg of BA or TA were dissolved
or co-dissolved in 2 mL of acetone, followed by the addition of
50 uL of TWEEN 80 to form the organic phase. The aqueous
phase consisted of 2% (w/v) PVA and PBS buffer (pH = 7.4)
in 10 mL, and both phases were homogenized separately under
stirring for 5 min. The organic phase was then added dropwise
into the continuously stirred aqueous phase to create a stable oil-
in-water (O/W) emulsion. Acetone was subsequently removed
by continuous stirring at room temperature, resulting in PCL-
BA NPs, PCL-TA NPs, and PCL-BA-TA NPs, respectively. The
NPs were collected by centrifugation at 14 200 g for 20 min at
4°C (Allegra 64R centrifuge, BECKMAN COULTER) and washed
repeatedly with deionized water to remove residual PVA and
unencapsulated drugs. The resulting pellets were frozen at —80°C
and lyophilized using a Telstar LyoAlfral0 freeze-dryer (Spain) at
—60°C and 0.3 mBar to obtain dry NP powders. PCL NPs were
synthesized following the same method without the addition of
BA or TA.

2.3 | Physicochemical Characterization

Drug loading and release were determined using a UV/vis spec-
trophotometer (UV-5, Mettler Toledo, Greifensee, Switzerland)
and HPLC (Shimadzu Nexera, Japan). Measurements of particle
size, polydispersity index (PDI), and zeta potential were carried
out with the ZETASIZER Nano series (MALVERN INSTRU-
MENTS, Worcestershire, UK). These measurements were per-
formed on diluted samples at 25 C, with each sample measured
in triplicate. The data are presented as the mean + standard
deviation (SD). Attenuated Total Internal Reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR; PerkinElmer, Inc.,
Shelton, CT, USA) was conducted over the wavenumber range
of 500-4000 cm™! with a resolution of 4 cm™, and 32 scans
were recorded for each experiment. Approximately 2 mg of each
sample was placed on the FTIR plate for measurement, and all
spectra were recorded against the background of the air spectrum.
Structural elucidation and confirmation were assessed by 'H and
BC nuclear magnetic resonance (NMR) spectroscopy on a Varian
Mercury 600 MHz NMR spectrometer (Varian, USA). The NMR
samples of BA and TA were prepared in dimethyl sulfoxide-d6
and deuterated chloroform, respectively. X-ray diffraction (XRD)
(X’Pert PRO Malvern PANalytical, UK) patterns of BA, TA, PCL,
PCL NPs, PCL-BA NPs, and PCL-TA NPs were obtained using
Cu Ka radiation (1 = 0.15405 nm) to produce measurements
in the 26 range of 5 to 90° at 45 kV and 40 mA. The powder
samples were evenly spread on an XRD sample holder, with the
surface flattened to ensure consistent diffraction. For bulk solid
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(foam-like samples), an adhesive was used to hold the sample
in place, ensuring a flat surface for XRD analysis. Transmission
electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan) oper-
ated at 200 kV was used to determine the internal morphology of
PCL NPs, PCL-BA NPs, PCL-TA NPs, and PCL-BA-TA NPs. The
samples were prepared by depositing a drop of their suspension
onto a carbon-coated copper grid and drying at room temperature
before observation. The thermal properties of PCL, PCL NPs,
PCL-BA NPs, PCL-TA NPs, and PCL-BA-TA NPs were measured
using a differential scanning calorimeter (DSC, model Q2000, TA
Instruments, USA). The dried samples, weighing 5-6 mg, were
loaded and sealed into an aluminum pan, then scanned from —10
to 450 C at 10 C/min under a continuous nitrogen purge.

2.4 | Drug Loading and Encapsulation Efficiency
To assess the drug loading capacity of PCL-BA NPs and PCL-TA
NPs, methanolic stock solutions of BA and TA were prepared
and analyzed using high-performance liquid chromatography
(HPLC) (Shimadzu Nexera, Japan). The goal was to determine
the total amount of drug encapsulated within the polymeric
nanocarrier. A calibration curve was created through successive
dilutions of the stock solution. HPLC analysis was conducted
using a C18 column (Lichrosphere RP-18, 250 mm X 4 mm X
5 um) operated at 30°C with a UV detector set at 210 nm. The
mobile phase consisted of acetonitrile and methanol (80:20%
v/v) with a flow rate of 0.5 mL/min. To measure encapsulation
capacity, samples of PCL-BA NPs and PCL-TA NPs were dispersed
in a water-methanol (1:1) mixture to produce sample solutions.
These samples were centrifuged for 30 min at 4°C at 14 200 g,
separating the supernatant for absorbance measurement. The
drug loading capacity (%DL) and encapsulation efficiency (%EE)
were calculated using the following formulas:

mass of drug within the NPs

%DL =
’ massof NPs

x 100% 6

mass of drug loaded within the NPs

%EE =
7 mass of drug in the initial formulation

x 100% (2)

2.5 | InVitro Release Study

In vitro release of the BA and TA from PCL-BA NPs and PCL-TA
NPs was studied in PBS solution at a physiological pH of 7.4. The
purpose was to determine the amount of drug released at specific
time points; therefore, achieving complete dissolution was essen-
tial for accurate measurement. The samples were incubated at 37
C in PBS buffer (1 mg/mL), and aliquots were collected at various
time intervals. These aliquots were centrifuged at 21 400 g for 15
min at 4 C to remove NP debris and avoid interference with drug
analysis. The supernatant containing the drug was diluted with
methanol to ensure complete dissolution before HPLC analysis.

2.6 |
Assay

Radical Scavenging Activity Using DPPH

The DPPH radical scavenging assay was conducted according to
the modified method recently described by Lebeloane et al. [34]

Briefly, the absorbance of the DPPH solution was adjusted to
0.90-1.00 at 517 nm. Then, 160 pL of the prepared DPPH solution
was mixed with 40 uL of the samples at various concentrations (1-
0.003 mg/mL). The reaction mixture was incubated in the dark
for 30 min, after which the absorbance was measured at 517 nm
using a Biotek microplate reader (USA) [35]. A lower absorbance
indicates a higher potential for free radical scavenging.

The percentage of radical scavenging activity was calculated using
the formula:

Ao — A
% Scavenger Activity = { (OA—S) } x 100% 3)
o

where AO represents the absorbance of the control (DPPH
solution without the sample), and AS represents the absorbance
of the sample (DPPH solution with the sample).

The IC;, value (the concentration needed to inhibit 50% of DPPH
radicals) was calculated using non-linear regression analysis by
plotting scavenging activity percentage against the logarithm of
sample concentrations. Ascorbic acid was used as a positive
control. Each experiment was performed in triplicate, and results
are presented as mean =+ standard deviation (SD).

2.7 | Metal Chelation Assay

The metal chelation activity of the test samples was assessed using
the ferrous ion (Fe?*) chelation assay as described by Dinis et
al. [36] with slight modifications. Briefly, 1 mL of each sample
solution at different concentrations was mixed with 3.7 mL of
deionized water and 0.1 mL of 2 mM FeCl, solution. The reaction
was started by adding 0.2 mL of 5 mM ferrozine solution, followed
by vigorous vortexing. The mixture was then incubated at room
temperature in the dark for 10 min to allow the formation of the
ferrous—ferrozine complex.

The absorbance of the resulting solution was measured at 562 nm
using a UV-vis spectrophotometer. A control containing all
reagents except the test sample (replaced with deionized water)
was prepared in parallel. EDTA was used as a positive control.
All measurements were conducted in triplicate, and results were
expressed as mean =+ SD.

The metal chelating activity (%) was calculated using the follow-
ing equation:

Ac—A
%Chelation Activity = { % } X 100% 4)
c

whereas AC are the absorbance values of the sample and control,
respectively.

2.8 | Cell Culture, Growth Conditions, and
Treatment Conditions

Human hepatocellular carcinoma (HepG2) and Henrietta Lacks
(HeLa) cancer cell lines were used to evaluate the cytotoxicity
and anticancer effects of BA, TA, PCL-BA NPs, and PCL-TA NPs.

40f16

Macromolecular Materials and Engineering, 2026



Cells were cultured in 75 cm? flasks (Thermo Fisher Scientific,
South Africa) and maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% penicillin-streptomycin (200 U/mL penicillin
and 270 pg/mL streptomycin). Cultures were incubated at 37 °C in
a humidified atmosphere containing 5% CO,. Cells were subcul-
tured three times upon reaching approximately 90% confluency,
and the cells were used in cytotoxicity assays.

2.9 | Cytotoxicity Assessment and Anti-Cancer
Activity

The cytotoxicity assay and anti-cancer activity of the samples
were conducted by first seeding HepG2 and HeLa cells in a 96-
well plate and incubating them for 24 h at 37°C with 5% CO,.
After the 24-h incubation, a 2-fold serial dilution was performed
using free BA and TA in 0.1% DMSO, free NPs, and reformulated
BA and TA in PBS, starting at 1 mg/mL. To the wells containing
cells, 100 pL of the serially diluted samples were added, except
in the control wells. After 48 h of incubation, the media was
removed and replaced with 25 uL of MTT reagent (5 mg/mL;
Sigma-Aldrich, St. Louis, MO). The formazan product was then
allowed to form from viable cells during a 3-h incubation at 37°C.
Following incubation, the MTT reagent was removed, and 100 uL
of DMSO was added, followed by a 15-min incubation at 25°C. The
microplate was then read at 620 nm using the Tecan Infinite F500
luminometer. Experiments were performed in triplicate.

2.10 | Statistical Analysis

The experimental methods were performed independently three
times, and the results were reported as averages across these
three trials. The cytotoxicity data were analyzed using GraphPad
Prism 8.

3 | Results and Discussion

3.1 | Isolation and Characterization of TA and BA
Here, we isolated TA from the root extract of Grewia Flava.
The isolation was carried out using column chromatography,
starting with vacuum column chromatography to separate and
simplify compounds in the crude extract. The fraction obtained
from vacuum column chromatography was further purified by
gravity column chromatography, resulting in four subfractions.
The structure of TA was identified and characterized using
spectroscopic methods such as NMR, FTIR, and UV-vis, with
comparisons to data from known compounds reported in the
literature [14, 37, 38].

3.1.1 | Thin-Layer Chromatography (TLC) for
Evaluation of TA and BA

TLC is a commonly used method for the qualitative analysis and
separation of TA in plant extracts. It is a quick, cost-effective way
to detect TA, often complemented by techniques such as NMR for

e — e |

@[p( TA

FIGURE 2 | Thin-layer chromatography (TLC) plate of betulinic acid
(BA) and taraxerol (TA).

additional confirmation. A simple, fast, and accurate TLC method
was developed and validated to quantify TA in Grewia Flava [31].
A sharp, well-defined peak for TA at a retention factor (R;) of
0.53 was observed, and the chromatogram is shown in Figure 2.
In TLC, TA usually appears as a distinct violet, blue, or pink
spot when treated with anisaldehyde-sulfuric acid spray reagent
and heated. Its R; falls between 0.3 and 0.6, depending on the
solvent system. Because TA has weak UV absorption, it is best
visualized using chemical staining. For BA, a single spot with an
R; of 0.45 was observed after treatment with the anisaldehyde-
sulfuric acid reagent, producing a violet-blue color, as shown
in the chromatogram. These chromatographic fingerprints are
crucial for phytochemical standardization and support further
structural and bioactivity research.

3.1.2 | UV-Vis Spectrometry of TA

UV-vis spectroscopy is a valuable method for analyzing TA and
BA, pentacyclic triterpenoids found in various plant species. The
UV-vis absorption spectra of BA and TA were recorded to exam-
ine their electronic transitions and structural characteristics. Both
triterpenoids lack extensive conjugated systems; therefore, their
absorption mainly occurs in the ultraviolet region due to 7—7*
and n—7* transitions of localized functional groups [39]. Figure 3
shows a single, consistent maximum absorption band for both TA
and BA around 210 nm. In plant extracts, UV-vis spectroscopy
is often combined with chromatographic techniques such as
HPLC and TLC to confirm the presence of TA and BA. However,
because of their weak UV absorption, supplementary techniques
such as FTIR, NMR, and MS are also used for more definitive
identification. In summary, both BA and TA absorb strongly in
the deep-UV near 210 nm, with 1., at approximately 210 nm
being routinely used for quantitative analysis in formulations
and mixtures [40, 41]. These results provide fundamental spectral
data useful for purity assessment, formulation development,
and further spectroscopic studies in nanocarrier encapsulation
research.
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FIGURE 3 | UV-visspectraofbetulinic acid (BA) and taraxerol (TA).
3.1.3 | Structure Elucidation of TA and BA using NMR

Figure 4a shows the 'H NMR spectrum (CDCl,) of the G. flava
extracted TA. The 'H NMR spectrum of TA mainly displays eight
tertiary methyl singlets from 0.79 to 1.2 ppm and a dense cluster of
aliphatic methylene/methine signals from 0.8 to 2.69 ppm, due to
the terpenoid protons. The lack of vinylic or oxymethine protons
is consistent with TA and matches spectra reported for authentic
standards and plant isolates. Additionally, the 'H NMR spectrum
reveals a key diagnostic feature: a single oxygenated methine at C-
3, seen as a downfield signal at 3.19-3.20 ppm, indicating an axial
H-3 next to a S-oriented hydroxyl group. This is confirmed by the
double doublet at 3.20 ppm, confirming the OH group, and the
methylene group is validated by the double doublet at 4.50 ppm.
The signals at 4.90 and 4.74 ppm are assigned to the terminal
alkenyl protons. A single olefinic proton, likely H-15, appears
at 5.52-5.54 ppm, confirming a A" double bond within the
taraxerane skeleton rather than an isopropenyl exomethylene as
seen in lupanes such as BA. These proton features are essential for
confirming TA in phytochemical separations and authenticating
TA in G. flava fractions. Likewise, Figure 4b presents the 'H
NMR spectrum (DMSO-d6) of BA. It displays distinct signals
for its six methyl groups around 0.65-0.93 ppm, exomethylene
protons at C-29 around 4.55-4.70 ppm, and the C-3 methine
proton around 3.13-3.50 ppm. The methyl protons appear as
singlets, the C-3 methine as a triplet or multiplet, and the C-
29 protons as broad singlets. The *C NMR spectrum (CDCI;)
shown in Figure 5a displays distinct carbon signals from 0 to
220 ppm. The spectrum’s features align with TA, consistent
with previous literature describing this compound from Myrica
rubra and Euphorbia pubescens. Sakurai et al. [42] reported TA
from Myrica spp. (Myrica rubra & related species) among several
triterpenoids from the bark. Valente et al. [43] identified TA
within the terpenoid profile of Euphorbia pubescens. Similarly,
the 1*C NMR spectrum (DMSO-d6) of BA in Figure 5b displays
distinct carbon signals from 0-220 ppm, characteristic of methyl,
methylene, methine, olefinic, quaternary, and carboxylic acid
carbons. The five methyl groups are below 30 ppm, while the
olefinic carbons of the isopropenyl group appear between 110 and
150 ppm. A clear signal for the carboxylic acid carbon appears
around 170 ppm.

3.2 | Synthesis and Characterization of PCL-BA
NPs, PCL-TA NPs, and PCL-BA-TA NPs

Using various characterization techniques is essential to deter-
mine the physicochemical properties of NPs — particle size,
shape, distribution, and crystallinity — and to assess their safety
for biomedical applications. The mean particle size, polydisper-
sity index (PDI), zeta potential (ZP), and encapsulation efficiency
of drug-free NPs and PCL-loaded NPs containing BA and TA
are shown in Table 1. A low molecular weight PCL was chosen
for preparing these NPs due to its beneficial properties, such
as biocompatibility, non-toxicity, and a shorter biodegradation
period compared to high molecular weight PCL, as extensively
documented in the literature, thereby allowing faster release of
the encapsulated compounds [44]. The DLS analysis of the NPs
indicated a uniform particle distribution, with average particle
diameters ranging from 211 to 261 nm. Studies have demonstrated
that adjusting the drug-to-polymer mass ratio during NP formula-
tion significantly affects NP size, with higher drug mass resulting
in larger particles. This finding aligns with previous research,
which shows that higher polymer concentrations result in larger
NPs, consistent with the fact that the average hydrodynamic
diameter of NPs increases with increased polymer concentration.
These NPs have a low PDI value (<0.3), indicating a relatively
narrow size distribution.

In addition to size and surface characteristics, drug loading
and encapsulation efficiency are critical parameters reflecting
the suitability of the formulation approach. BA and TA were
loaded into PCL NPs primarily through hydrophobic interac-
tions and physical entrapment within the polymeric matrix
during nanoparticle formation. Owing to their lipophilic nature,
both drugs preferentially partitioned into the hydrophobic PCL
core, resulting in high encapsulation efficiencies. PCL-BA NPs
exhibited a drug loading of 6.85 + 0.61% with an encapsulation
efficiency of 81.30 + 0.13%, while PCL-TA NPs showed a loading
of 5.90 = 0.19% and encapsulation efficiency of 69.91 + 0.26%.
In co-loaded PCL-BA-TA NPs, BA achieved 6.57 + 0.45% loading
with 82.77 + 0.11% encapsulation efficiency, whereas TA showed
5.54 + 0.23% loading and 69.84 + 0.18% encapsulation efficiency,
indicating minimal competition during co-encapsulation. The
high encapsulation efficiencies obtained confirm that the single-
emulsion technique is a suitable and effective approach for
incorporating these hydrophobic triterpenoids into PCL NPs. This
method facilitated efficient drug-polymer interactions and stable
entrapment within the polymeric core. The results demonstrate a
facile, reproducible, and successful drug loading strategy for both
single- and dual-drug-loaded PCL NP systems.

The stability of NPs was assessed by examining the zeta potential
($). Notably, NPs with zeta potentials above + 60, + 30, and +
20 mV are classified as highly stable, stable, and partially stable
colloidal suspensions, respectively [45]. Conversely, previous
research has shown that NPs with ZP values within +5 mV tend
to aggregate due to weak electrostatic forces. In this study, all
NPs displayed negative surface charge potentials ranging from
—9.6 + 0.7 to —18.9 + 1.1 mV. The stability of this formulation
is likely due to the use of PVA as a stabilizer, as prior research
indicates that high-molecular-weight stabilizers, such as PVA,
yield stable NPs with low ZP values [46]. Additionally, the neg-
ative surface charge of the NPs results from the presence of acidic
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FIGURE 4 | The'H NMR spectra of: (a) taraxerol (TA) and (b) betulinic acid (BA).

carboxyl groups in PCL, which is important for targeted drug
delivery.

FTIR was performed to confirm the successful encapsulation of
BA and TA into polymeric nanoparticles by identifying absorp-
tion bands associated with specific functional groups. Figure 6
shows the FTIR spectra of BA, TA, PCL, PCL NPs, PCL-BA
NPs, PCL-TA NPs, and PCL-BA-TA NPs. PCL displays charac-
teristic absorption bands associated with its chemical structure,
particularly its ester groups and aliphatic chains. It exhibits
prominent peaks at 2939.2 and 2866.7 cm™, corresponding to the
asymmetric and symmetric C—H stretching, respectively. A sharp
peak at 1726.4 cm™ indicates ester carbonyl (C=0) stretching,
while another at 1231 cm™ indicates C—O—C stretching from the
ester bond (C—O) [47]. BA, which contains functional groups
such as hydroxyl (OH) and carboxylic acid (—COOH), exhibits
FTIR features characteristic of these groups. The peak at 1754
cm™! corresponds to the carbonyl (C=0) of the carboxylic acid,

and the peak at 1256.5 cm™ relates to C—O stretching from the
same group. The asymmetric and symmetric stretching of C—H
groups appear at 2987.6 cm™, with a broad band around 3224.8
cm™ indicating hydroxyl (-OH) groups [48]. TA, a pentacyclic
triterpenoid similar to BA but lacking the carboxylic acid group,
primarily features hydroxyl groups. Its FTIR spectrum shows
signals from hydroxyl (—OH) and aliphatic (—CH,,—CHj;) groups.
The stretching vibration around 1050-1030 cm™' corresponds
to secondary alcohol (C—0), while bending vibrations of CH,
and CH, groups are seen at 1450-1380 cm™. The asymmetric
and symmetric stretching vibrations of CH, and CH; groups are
observed at 2930-2870 cm™!. Additionally, stretching vibrations
at 3400-3450 cm™! are associated with hydroxyl groups [49].
The FTIR spectrum of PCL NPs shows characteristic peaks
similar to those of bulk PCL, with slight shifts or changes
in intensity due to nanoparticle formation, which involves a
smaller particle size, increased surface area, and interactions
during encapsulation [50]. Notably, PCL-TA NPs exhibit a similar
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absorption spectrum, with a broad peak at 3353.9 cm™, indicative
of O—H stretching. Sharp peaks at 2866.7 cm™' for symmetric
C—H stretching, 1733 cm™! for C=0 stretching, and 1242 cm™!
for C—O—C stretching were also observed. The disappearance of
some prominent peaks from the TA spectrum and the emergence
of a new absorption peak in the PCL-TA NPs spectrum suggest
successful integration of TA into the PCL matrix. The FTIR
analysis indicates no chemical interactions between PCL and BA
molecules within the PCL-encapsulated BA NPs. Furthermore,
no BA characteristic peaks are observed in the PCL-BA NPs,
implying efficient encapsulation of BA by the PCL matrix. A
similar FTIR spectrum was observed for the PCL-BA-TA NPs,
indicating comparable encapsulation behavior.

The crystalline or amorphous nature of PCL-BA NPs, PCL-TA
NPs, and PCL-BA-TA NPs was compared with BA, TA, and
PCL in their pure form using XRD, as shown in Figure 7. The
XRD pattern of PCL displayed prominent diffraction peaks at
26 angles of 17.37° and 19.64°, which correspond to the (110)
and (200) planes of PCL’s orthorhombic crystal structure [51].

Conversely, BA is a highly crystalline natural triterpenoid, and
its XRD pattern exhibits multiple sharp, intense peaks indicating
a well-ordered crystal structure. The presence of many sharp
peaks across the low-to-mid 26 range confirms its high crys-
tallinity, with prominent peaks at 5.55°, 9.18°, 13.40°, 15°, and
22.64° [52]. Similarly, TA, another crystalline triterpenoid such
as BA, generally shows fewer, broader peaks, suggesting lower
crystallinity or different packing arrangements. The peaks are
still distinguishable but may be less sharp or intense compared
to BA, with notable peaks at 5.98°, 7.41°, 9.69°, and 13.45° [53].
It is important to note that the XRD pattern of PCL NPs reveals
weaker and broader peaks compared to bulk PCL, indicating
partial disruption of its crystalline structure due to the small
particle size, rapid solvent evaporation during nanoemulsion,
or the presence of drug molecules. The reduction in diffraction
peak intensity suggests a more amorphous nature in the NPs.
Additionally, this observation is supported by the DSC results,
which indicate that both PCL-BA NPs and PCL-TA NPs exhibit
amorphous forms. The absence of BA and TA peaks in the XRD
patterns of PCL-BA NPs and PCL-TA NPs indicates that both
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TABLE 1 | Physical-chemical properties of developed formulation (n = 3, mean =+ SD).
Formulation Size (nm) PDI ZP (mV) BA EE% BA Loading% TA EE% TA Loading%
PCL NPs 211+9.11  0.206 = 0.10 —9.66 +1.17 — — — —
PCL-BA NPs 240 +6.18 0.214+0.04 -10.50+1.28  81.30+0.133 6.85+0.61 — —
PCL-TA NPs 232+9.81 0270 £0.02 -11.73+0.29 — — 69.91 + 0.26 5.90 +0.19
PCL-BA-TANPs 261 +7.70 0.250+0.01 —18.90+0.21 82.77 +0.110 6.57 + 0.45 69.84 + 0.177 5.54 +£0.23
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FIGURE 6 | FTIR spectra of BA, TA, PCL, PCL NPs, PCL-TA NPs, FIGURE 7 | XRD patterns of BA, TA, PCL, PCL NPs, PCL-BA NPs,

PCL-BA NPs, and PCL-BA-TA NPs.

drugs are entrapped within the PCL matrix. The decrease in peak
intensity or broadening suggests reduced crystallinity, mainly due
to encapsulation and nanoscale dispersion. The nearly absent
drug peaks point to amorphization within the polymer matrix.
Crystalline BA and TA tend to have low solubility because their
strong crystal lattices are challenging to break in biological fluids.
In contrast, amorphous or molecularly dispersed drugs, as indi-
cated by the lack of sharp peaks in XRD, possess higher energy
states, increased apparent solubility, and faster dissolution rates.
In summary, the XRD patterns of PCL-BA NPs, PCL-TA NPs,
and PCL-BA-TA NPs show the disappearance of the characteristic
sharp crystalline peaks of the free drugs, indicating a transition
to an amorphous or molecularly dispersed form within the
polymer matrix. This structural change enhances the apparent
solubility and dissolution rate of the drugs, thereby improving
their bioavailability and therapeutic effectiveness. These find-
ings support the hypothesis that nanoparticle encapsulation can
address the inherent solubility limitations of BA and TA.

TEM analysis and SAED patterns of PCL NPs, PCL-BA NPs,
PCL-TA NPs, and PCL-BA-TA NPs are shown in Figure 8. The
images display spherical particles with no visible lattice fringes,
indicating a lack of long-range order at the nanoscale, as shown
in Figure 8a-d. This suggests that the morphology of PCL NPs
prepared by the single-emulsion method is typically spherical
[54]. Meanwhile, selected-area electron diffraction (SAED) from
the identical particles revealed broad, diffuse halo or ring features
rather than sharp spots or narrow Debye-Scherrer rings, consis-
tent with an amorphous or poorly ordered phase (Figure 8e-h).

PCL-TA NPs, and PCL-BA-TA NPs.

Most PCL NP systems show an amorphous halo or weak diffrac-
tion because the polymer matrix is not strongly crystalline at the
nanoscale [55]. The absence of discrete lattice fringes in high-
resolution TEM, along with diffused SAED patterns, supports the
XRD results, which show significantly reduced PCL crystallinity
or a predominantly amorphous pattern after NP formation and
drug loading. The encapsulation of BA and TA in PCL disrupts
polymer chain packing during solvent evaporation, reducing
crystalline domains and creating amorphous matrices that trap
the drugs, explaining the consistent TEM/SAED and XRD obser-
vations. The combined morphological evidence (absence of lattice
fringes), diffraction data (diffuse SAED halos), and bulk XRD
patterns (shown in Figure 7) all indicate that the NPs are largely
amorphous, which has implications for drug release, as it is
typically faster from amorphous matrices.

DSC analysis was performed to assess the thermal properties
of BA, TA, PCL, PCL NPs, PCL-BA NPs, PCL-TA NPs, and
PCL-BA-TA NPs. The thermograms of native BA and TA were
recorded up to 400 °C to capture their full thermal transitions,
including melting points and decomposition onset. This range
was suitable, given the high thermal stability of these compounds
in their free forms. However, for the PCL NPs and PCL-loaded
formulations, the DSC analysis was limited to a maximum of
200°C. This limit was chosen to avoid thermal degradation of
the PCL polymer, which typically begins above 220°C. Since PCL
melts between 60 and 65°C, heating beyond 200°C is unnecessary
for observing key transitions related to drug-polymer interactions,
such as melting, crystallinity changes, and potential miscibility
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FIGURE 8 | TEM images of PCL NPs (a), PCL-BA NPs (b), PCL-TA NPs (c), and PCL-BA-TA NPs (d); SAED patterns of PCL NPs (), PCL-BA NPs

(f), PCL-TA NPs (g), and PCL-BA-TA NPs (h).

or amorphization of the encapsulated drug. Exceeding 200°C
could cause polymer degradation, leading to thermal artifacts that
might obscure or alter the interpretation of drug encapsulation
behavior. Therefore, limiting the temperature range allows for
accurate characterization of the nanocarriers while maintaining
sample integrity.

Figure 9a shows a thermogram of BA, which displays three
endothermic peaks at 70, 315, and 350°C. A small endothermic
peak at 70°C is attributed to residual moisture or volatile impu-
rities. A prominent peak at 315°C appears on the DSC curve of
BA before decomposition begins, corresponding to its melting
transition, which precedes degradation. After melting, BA under-
goes thermal degradation at 350°C. The melting temperature
indicated by the DSC curve aligns with the previously reported
melting point of BA from thermo-optical analysis. Nicolov et al.
[56] reported a strong endothermic peak at 313.63°C, attributed
to the melting of BA, accompanied by its decomposition. These
results further confirm that BA’s melting point is high and that
decomposition occurs. The DSC curve in Figure 9b shows that
TA exhibits two endothermic peaks at 190 and 305°C. The first
at 190°C is related to crystal and pre-melting, involving the
rearrangement of the solid-state structure into a higher-entropy
form in preparation for melting. The second peak at 305°C
corresponds to the melting and decomposition of TA. Therefore,
this major endothermic peak is attributed to melting with the
simultaneous onset of decomposition.

This study describes a two-step heating process for PCL, PCL
NPs, PCL-BA NPs, PCL-TA NPs, and PCL-BA-TA NPs. The initial
heating of NPs was performed to remove residual excipients and
assess the polymer’s material properties. The thermal history
was erased through cooling, followed by a second heating to
determine the material’s inherent characteristics. As shown in

Figure 9c, the initial heating of PCL revealed a distinct endother-
mic peak at 65°C, indicating the melting or decomposition point,
while PCL NPs, PCL-BA NPs, PCL-TA NPs, and PCL-BA-TA NPs
displayed four broad, shorter endothermic peaks at 73.4, 73.9,
72.5, and 92.8°C. The shifts to higher temperatures compared to
free PCL can be attributed to the nanoparticulate form of PCL,
where polymer chains become more ordered and stabilized due
to nanoscale confinement. Encapsulation promotes hydrophobic
interactions between PCL and the triterpenoids (BA and TA),
restricting chain mobility and increasing the melting point.
Additionally, co-loading BA and TA appears to improve packing
density within the PCL matrix. The combined triterpenoids foster
stronger intermolecular interactions with PCL chains, forming
more ordered, thermally stable microdomains, consistent with
the significantly higher thermal transition temperature observed
at 92.8°C. Cooling PCL, PCL NPs, PCL-BA NPs, PCL-TA NPs,
and PCL-BA-TA NPs from 200 to —60°C results in an exother-
mic crystallization peak at 31.4°C for PCL, demonstrating its
crystalline state, while the amorphous solidification of PCL NPs,
PCL-BA NPs, PCL-TA NPs, and PCL-BA-TA NPs indicates their
amorphous character, as shown in Figure 9d.

In the second heating cycle, the endotherms observed after the
first heating for PCL NPs, PCL-BA NPs, PCL-TA NPs, and PCL-
BA-TA NPs still show a single melting peak, as observed for
neat PCL (Figure 9e). This behavior reflects the removal of
the sample’s thermal history by the first melt-cool cycle and
subsequent recrystallization during cooling, which results in a
more uniform PCL crystalline phase in the second heat. The
appearance of a lower melting transition at 51.6°C during the
second heating of drug-loaded formulations indicates that BA and
TA are incorporated within the polymer matrix and influence
polymer chain packing; drug molecules can act as plasticizers
or disrupt crystal growth, leading to an increase in amorphous
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content or defects in the PCL crystals and thus depress the
observed melting temperature. Significantly, the presence of the
drug in the matrix shifting from a crystalline to an amorphous
form increases the dissolution rate and bioavailability because
amorphous solids are thermodynamically more energetic and
generally dissolve faster than their crystalline counterparts.

3.3 | InVitro Release Profiles of BA and TA From
PCL NPs

The controlled release behavior of phytochemical-loaded poly-
meric NPs is vital for optimizing therapeutic effectiveness. In
this study, we examined the in vitro release profiles of PCL-
encapsulated BA and TA in phosphate-buffered saline (PBS,
pH 7.4) (Figure 10). The release profiles displayed a biphasic
pattern typical of polymeric delivery systems [57]. An initial burst
release occurred within the first 12 h, followed by a sustained
release phase. Over 60% of BA and TA were released within
the first 12 h, likely due to surface-associated drug, followed by
a gradual, continuous release reaching 70-85% at 72 h. Burst
release offers rapid therapeutic action by delivering a high initial
drug concentration, which is beneficial for immediate pharma-
cological effects [58]. In contrast, sustained-release formulations
maintain consistent drug levels over time, improving efficacy,
reducing dosing frequency, and minimizing side effects [59].
Together, these profiles enable optimized drug delivery through
controlled-release kinetics tailored to therapeutic needs. Notably,
BA-loaded NPs showed a slightly faster release rate compared
to TA-loaded NPs, possibly due to differences in hydrophobicity
and molecular interaction with the PCL matrix. These findings
demonstrate the potential of PCL NPs as effective carriers for
the controlled delivery of hydrophobic triterpenoids such as
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FIGURE 10 | Invitrorelease profiles of BA and TA drugs loaded PCL
NPs in phosphate-buffered saline (pH 7.4) at 37°C.

BA and TA, providing sustained release suitable for therapeutic
applications.

3.4 | Antioxidant Activity

As shown in Figure 11, the antioxidant activities of BA, TA, their
PCL-based nanoparticle formulations, and ascorbic acid were
evaluated using the DPPH radical scavenging assay. Among the
samples tested, PCL-BA-TA NPs exhibited the highest radical
scavenging activity, which is due to hydroxyl and carboxylic
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FIGURE 11 | Percentage of radical scavenging activity at 1 mg/mL of
BA, TA, PCL-BA NPs, PCL-TA NPs, and PCL-BA-TA NPs compared to
Ascorbic acid (vitamin C) positive control.

functional groups capable of donating hydrogen atoms and
transferring electrons to neutralize free radicals. In contrast, the
free compounds showed lower antioxidant activity, consistent
with their hydrophobic nature and limited polar functional-
ities. Similar improvements in DPPH scavenging have been
reported for PCL-based NPs. For example, Oliveira et al. [60]
loaded a Hypericum perforatum fraction into PCL NPs and
observed enhanced antioxidant activity compared to the free
extract. This work encapsulated a plant extract containing
quercetin/biapigenin into PCL NPs and demonstrated improved
antioxidant and release properties compared with the free extract.
Notably, in our current study, the co-loaded formulation showed
a synergistic increase in free radical scavenging, likely due to
increased solubility, better bioavailability, and controlled release
of active molecules. The PCL-BA-TA NPs achieved approximately
60% DPPH scavenging activity, while the free compounds showed
activities below 20%. Additionally, the scavenging efficiency of
the co-loaded PCL NPs was comparable to that of ascorbic acid
at higher concentrations. Ramzan et al. [61] demonstrated that
PCL NPs co-loaded with quercetin and vitamin C achieved about
93% DPPH radical scavenging, significantly higher than many
free analogues, supporting the idea of substantial enhancement
through nanoparticulate PCL encapsulation. The notable antiox-
idant activity of the PCL-BA-TA NPs highlights the synergistic
benefit of dual encapsulation within a biodegradable polymer
carrier.

3.5 | Chelation Activity

Based on antioxidant evaluation, PCL-BA-TA NPs showed supe-
rior activity compared to individual loaded formulations and
their free counterparts. This enhanced performance led to further
investigation of their metal-chelation potential using Fe?* chela-
tion assays to better understand their antioxidant mechanisms.
The co-loaded formulation demonstrated 80% chelating activity,
comparable to the 90% chelation shown by the EDTA positive
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FIGURE 12 | Metal chelating activity of PCL-BA-TA NPs compared
to the EDTA positive control at 1 mg/mL.

control, as depicted in Figure 12. The improved chelation may be
due to the synergistic effects of BA and TA when encapsulated
within the PCL matrix, potentially increasing solubility, stability,
and bioavailability. Similar studies have indicated that BA and
TA exhibit notable antioxidant and metal-chelating properties,
helping to reduce oxidative stress and protect against free
radical-induced cellular damage [62, 63]. These findings highlight
the potential of PCL-BA-TA NPs as effective metal chelators
and suggest their potential application in mitigating conditions
associated with oxidative stress.

3.6 | Cytotoxic Evaluation of PCL Nanoparticles
Loaded With Betulinic Acid and Taraxerol on HeLa
and HepG2 Cancer Cells

The cytotoxic effects of BA, TA, PCL NPs, PCL-BA NPs, PCL-
TA NPs, and PCL-BA-TA NPs on HeLa and HepG2 cancer cell
lines, as shown in Figures 13 and 14, respectively, were evaluated.
The free natural compounds showed limited anticancer activity
in both cell types, mainly due to poor water solubility and limited
bioavailability. Among them, BA exhibits slightly higher cytotox-
icity than TA, likely due to structural differences that increase
its lipophilicity and mitochondrial membrane affinity, thereby
enhancing apoptosis induction. BA shows strong cytotoxicity
across various cancer cell lines, primarily through the intrinsic
(mitochondria-mediated) apoptotic pathway. In HeLa cells, BA
induces excessive intracellular ROS, leading to mitochondrial
membrane depolarization, the release of pro-apoptotic factors,
such as cytochrome c, and the subsequent activation of initiator
caspase-9 and executioner caspase-3, ultimately resulting in
apoptosis.

In HepG2 cells, BA additionally triggers G2/M-phase cell-cycle
arrest by disrupting cyclin-dependent kinase regulation, along
with increased ROS production and mitochondrial dysfunction.
However, the response is less potent than in HeLa cells, pos-
sibly due to enhanced metabolic detoxification and drug efflux
activities characteristic of hepatic cancer cells. TA, although
less potent than BA, induces cancer cell death through a
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0.125, and 0.0625 mg/mL for 48 h.

combination of apoptosis modulation and anti-inflammatory
signaling interference rather than serious direct mitochondrial
damage. TA exerts anticancer effects by suppressing NF-xB
signaling, reducing transcription of survival and anti-apoptotic
genes, down-regulating anti-apoptotic Bcl-2, and up-regulating
pro-apoptotic proteins such as Bax, thereby shifting the mito-
chondrial balance toward apoptosis. In HeLa cells, TA facili-
tates mitochondrial outer membrane permeabilization, promotes
cytochrome c release, and activates downstream caspases, leading
to apoptotic cell death. Additionally, TA-induced oxidative stress
contributes to apoptosis, although to a lesser extent than BA.
Nonetheless, the poor water solubility and bioavailability of both
triterpenoids limit their intracellular accumulation, resulting in
only moderate anticancer activity when administered in free
form.

To address the solubility and bioavailability issues of these
triterpenoids, they were encapsulated in PCL NPs, a biocom-
patible and biodegradable polymer recognized for controlled
drug release [64]. The encapsulation of BA and TA within
PCL NPs significantly enhanced their cytotoxic potential com-
pared to the free compounds. This improvement is due to
enhanced aqueous dispersibility, protection from premature
degradation, prolonged intracellular retention, and enhanced
endocytic uptake, all facilitated by the polymeric nanocarrier
system. Notably, the PCL-BA-TA NPs exhibited the most pro-
nounced cytotoxicity in both cell lines, suggesting a synergistic
interaction between the two triterpenoids. This synergy likely
arises from their complementary mechanisms for inducing
apoptosis: BA induces robust mitochondrial dysfunction and
caspase-dependent apoptosis, while TA amplifies apoptotic sig-
naling by suppressing survival pathways and sensitizing cells to
oxidative and mitochondrial stress. The study by Kumar et al. [65]
provided compelling evidence that encapsulation in PLGA NPs
can improve solubility, enable sustained release, and enhance
the anticancer efficacy of hydrophobic triterpenoids such as
BA against hepatic cancer, directly supporting the finding that

o
POLBANPS
Ta

100 PoLTANPS

PCL-BA-TANPS ==

0
o
1

% Cell Viability
(=2
o

»
o
1

20

1 0,5 0,25 0,125
Concentration (mg/mL)

0,0625

FIGURE 14 | The cytotoxic effects on HepG2 cancer cell lines were
evaluated by treating cells with BA, TA, PCL NPs, PCL-BA NPs, PCL-
TA NPs, and PCL-BA-TA NPs at decreasing concentrations of 1, 0.5, 0.25,
0.125, and 0.0625 mg/mL for 48 h.

polymeric nanoencapsulation boosts the activity of hydrophobic
triterpenoids.

Despite using a different natural compound (naringenin), a
significant study showed that PCL NPs can considerably increase
cytotoxicity against HepG2 cells compared to the free compound,
demonstrating that PCL is an effective carrier for enhancing
hydrophobic phytochemical delivery and supporting the PCL
findings [66]. Additionally, several studies indicate that co-
loading a conventional chemotherapeutic with natural com-
pounds into polymeric NPs can produce additive or synergistic
anticancer effects, thereby improving cell killing compared to
single-agent NPs. This confirms that PCL-BA-TA NPs exhibited
increased cytotoxicity [67].

Notably, while all loaded formulations exhibited significant
cytotoxicity in HeLa cells, their effectiveness was comparatively
lower in HepG2 cells. The decreased sensitivity of HepG2 cells
may be due to their inherent metabolic and defense mecha-
nisms. Liver cells possess robust detoxification systems, including
cytochrome P450 enzymes and efflux transporters such as P-gp,
which can metabolize or export foreign compounds, thus limiting
intracellular drug accumulation. Additionally, strong antioxidant
systems in HepG2 cells (e.g., glutathione and catalase activity) can
mitigate triterpenoid-induced oxidative stress, resulting in lower
cytotoxicity compared to HeLa cells [68].

Importantly, PCL NPs showed minimal cytotoxicity in both cell
lines, maintaining high cell viability. This confirms the biocom-
patibility and non-toxicity of PCL, an FDA-approved biodegrad-
able polymer widely recognized for its safety in drug-delivery
applications [69]. These findings demonstrate that PCL-based
nanoformulations significantly boost the therapeutic potential of
poorly soluble natural compounds. At the same time, the co-
delivery of BA and TA provides mechanistically complementary
and synergistic anticancer effects, suggesting a promising strategy
for combination cancer therapy.
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4 | Conclusions

The investigation into the therapeutic potential of BA and TA
encapsulated within PCL nanocarriers has revealed promising
multifunctional bioactivities, including antioxidant and antitu-
mor effects. Both BA and TA, naturally derived pentacyclic
triterpenoids, have long demonstrated notable pharmacological
properties; however, their clinical application has been limited by
poor aqueous solubility and bioavailability. PCL-based nanocar-
riers were used to address these limitations, thereby improv-
ing solubility, bioavailability, and sustained release profiles. In
antioxidant tests, the PCL-encapsulated formulations showed
superior radical-scavenging activity compared to their free forms,
attributed to improved dispersion and sustained release of the
active compounds. Most notably, the PCL-loaded BA, TA, and
their combined formulation displayed strong antitumor effects
against HeLa and HepG2 cell lines. The co-loaded nanocarriers
performed better than individual formulations, indicating a
synergistic interaction that effectively targeted multiple cancer
cell pathways. Additionally, the PCL nanocarrier system not only
improved the physicochemical properties of BA and TA but also
significantly increased their biological activity in antioxidant
and anticancer tests. These results highlight the potential of
PCL-based co-delivery systems for developing multifunctional
nanomedicines for integrated therapeutic use. Further in vivo
studies and mechanistic research are needed to fully translate
these promising in vitro results into clinical applications.
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