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ABSTRACT

This study aimed to develop and characterize phosphatidylcholine-
based nanoparticles encapsulating proanthocyanidin and glabridin, two
natural polyphenolic antioxidants. Nanoparticles were prepared by the
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Chuda Chittasupho polydispersity index (PDI), zeta potential, encapsulation efficiency, and in

vitro release. Antioxidant activity was evaluated using DPPH, ABTS, and FRAP
Email: assays, and physical and chemical stability was assessed during storage at 4°C

and 30°C for four weeks. The prepared glabridin and proanthocyanidin
nanoparticles exhibited mean sizes of 85.42 + 3.29 nm and 159.47 + 4.47 nm,
with encapsulation efficiencies of 49.73 + 0.72% and 89.48 = 4.57%,
respectively. Both formulations demonstrated a biphasic release profile and
improved antioxidant activity compared to their free forms. Notably, a
mixture of glabridin and proanthocyanidin nanoparticles at a ratio of 2:1
exhibited the highest ferric-reducing antioxidant power (FRAP), suggesting
enhanced reducing activity and potential interaction between the two
antioxidants. Stability studies revealed that 4°C storage effectively preserved
particle integrity, antioxidant activity, and compound content, whereas 30°C
accelerated degradation and reduced scavenging capacity. These findings
suggest that nanoencapsulation may improve the solubility and stability of
poorly water-soluble antioxidants, thereby enhancing antioxidant
performance. This combined nanoparticle system may have potential for
applications related to oxidative stress mitigation.
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INTRODUCTION Glabridin is a lipophilic isoflavan with
Oxidative stress, resulting from an strong biological activity, but its application is

limited by poor water solubility and low
bioavailability, which restrict effective delivery
in biological systems (Ciupei et al, 2024; Zhang

imbalance between reactive oxygen species (ROS)
and the antioxidant defense system, plays a pivotal
role in the pathogenesis of numerous chronic

diseases, including neurodegenerative disorders,
cardiovascular diseases, and inflammation (Dash et
al,, 2025; Garcia-Llorens et al., 2025; Reddy, 2023).
Polyphenolic antioxidants have gained significant
attention for their ability to neutralize free radicals
and prevent oxidative damage via hydrogen-atom
or electron-donation mechanisms (Ahmad et al,
2025). In addition to their strong free-radical-

quenching properties, both compounds
demonstrate notable anti-inflammatory and
neuroprotective  effects, supporting their

therapeutic potential in oxidative stress-related
disorders.

et al, 2023). In free form, glabridin is gradually
depleted during redox reactions and shows
limited capacity to sustain antioxidant activity
over time (Choi et al,, 2021). Proanthocyanidins
are water-soluble, polymeric polyphenols with
high intrinsic antioxidant capacity; however,
their high molecular weight and polymeric
structure limit membrane permeability and
bioavailability. They are also prone to oxidation,
aggregation, and nonspecific interactions with
biomolecules, leading to rapid consumption
and reduced sustained antioxidant activity (Lietal,,
2026).
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Moreover, when administered in free form,
phenolic antioxidants are rapidly depleted during
radical scavenging and often fail to sustain activity
over time (Chandimali et al., 2025). This has
prompted interest in antioxidant regeneration
mechanisms, in which certain antioxidants can be
recycled or regenerated through redox interactions
with  complementary  compounds, thereby
extending their efficacy. Co-delivery of phenolics
with differing redox potentials may further

enhance this effect through synergistic
regeneration. Nanoparticle-based delivery
systems, particularly those composed of

phospholipids such as phosphatidylcholine, offer a
promising approach to overcome these challenges
(Patel et al, 2024). Nanoparticles improve
antioxidant performance by enhancing solubility,
protecting labile compounds from degradation, and
facilitating controlled release (Thiruvengadam et
al,, 2025). Additionally, the spatial organization and
partitioning of antioxidants within nanoparticles
may promote interactions at the oil-water
interface, favoring redox cycling and synergistic
antioxidant effects (Farooq et al., 2021).

However, despite increasing interest in
nanoparticle-based delivery of polyphenols, most
studies have focused on single-compound systems,
while the combined behavior of structurally
distinct  antioxidants  within = nanoparticle
formulations remains insufficiently explored. In
particular, the potential interactions between
lipophilic and hydrophilic polyphenols, such as
glabridin and proanthocyanidin, and their impact
on antioxidant performance and stability have not
been clearly elucidated. Therefore, this study
aimed to develop and characterize
phosphatidylcholine-based nanoparticles
containing glabridin and proanthocyanidin, and to
evaluate their individual and combined antioxidant
activities using DPPH, ABTS, and FRAP assays. In
addition, the stability of the nanoparticle systems
was investigated under different storage
conditions (4°C and 30°C). This work provides
insight into the behavior of combined antioxidant
systems in nanoparticle formulations and their
potential for improving antioxidant performance.

MATERIALS AND METHODS
Materials

2,2-Diphenyl-1-picrylhydrazyl (DPPH)
(298.0%), 2,4,6-Tripyridyl-s-Triazine  (TPTZ)

(299.0%), and 2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) were
obtained from Sigma-Aldrich, St. Louis, MO, USA.
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Phosphatidylcholine  (90%), Epigallocatechin
gallate (EGCG, 98%), Ascorbic acid, Cholesterol,
Glabridin, Poloxamer 407, and Proanthocyanidin
were purchased from MyskinRecipes, Bangkok,
Thailand. Ethanol (95%) and acetone were sourced
from World Chemical, Chiang Mai, Thailand, while
ethanol (99.8%) was obtained from RCI Labscan,
Bangkok, Thailand. Potassium persulfate (98%)
and Ferrous sulfate heptahydrate (FeSO4¢7H,0,
99%) were procured from Loba Chemie, India.
Ferric chloride hexahydrate (FeCl;¢6H,0, 99%)
was obtained from QReC, New Zealand.

Methods
Preparation of Proanthocyanidin and Glabridin
Nanoparticles Using Solvent Displacement
Technique

For the preparation of proanthocyanidin
nanoparticles, the organic phase consisted of 1000
uL of proanthocyanidin solution (5 mg/mL), 2000
uL of phosphatidylcholine solution (15 mg/mL),
and 200 pL of cholesterol solution in acetone (10
mg/mL). For the preparation of glabridin
nanoparticles, the organic phase consisted of 1000
uL of glabridin solution (10 mg/mL), 2000 pL of
phosphatidylcholine solution (15 mg/mL), and 200
uL of cholesterol solution in acetone (10 mg/mL).
The aqueous phase was prepared by mixing 13,350
uL of ultrapure water, 1500 uL of 1% poloxamer,
and 150 pL of polyethylene glycol (PEG) using a
vortex mixer, resulting in a total volume of 15 mL.
The organic phase was then injected dropwise into
the aqueous phase under continuous stirring at 800
rpm using a magnetic stirrer. Ethanol was removed
from the nanoparticle suspension by stirring at 800
rpm for 12 hours. The proanthocyanidin and
glabridin nanoparticles obtained were
characterized for subsequent analysis.

Characterization of Proanthocyanidin and
Glabridin Nanoparticles
Particle Size, Polydispersity Index (PDI), and
Zeta Potential Analysis
The nanoparticle suspension was pipetted
into a folded capillary zeta cell, and the particle size,
PDI, and zeta potential were measured using a
zetasizer (Malvern, UK). The experiments were
performed in triplicate, and the average values
were recorded.
Encapsulation Efficiency (%EE) of
Proanthocyanidin and Glabridin Nanoparticles
The standard curves for proanthocyanidin
and glabridin were established by dissolving 10 mg
of proanthocyanidin in dimethyl sulfoxide (DMSO),
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followed by serial dilution to obtain a range of
concentrations. The absorbance was measured at
300 nm using a microplate reader (Spectramax M3,
Thermo Scientific, Waltham, MA, USA), and a
standard curve was constructed. Encapsulation
efficiency (%EE) was determined using a direct
method by measuring the total amount of
compound present in the nanoparticle dispersion.
The nanoparticle samples were appropriately
diluted, and the absorbance was measured at 300
nm using a microplate reader (Spectramax M3,
Thermo Scientificc, Waltham, MA, USA). The
measured absorbance values were corrected by
subtracting the corresponding blank nanoparticle
formulation (without active compound) to
minimize interference from formulation
components. The concentration of the compound in
the nanoparticles was then calculated using the
standard calibration curves.

Amount of compound in NPs
Amount of compound initially added

%EE = x 100%

In Vitro Release Study in Phosphate Buffered
Saline (PBS)

The release of proanthocyanidin and
glabridin from nanoparticles was evaluated using a
Transwell® system. A 200 pL aliquot of
nanoparticle suspension was placed into the
Transwell® chamber, while 1 mL of phosphate-
buffered saline (PBS) at pH 7.4 was added to the
outer chamber (Chittasupho et al, 2023). The
system was incubated at 37°C, and at predefined
time intervals (1, 2, 18, 24, 48, 72, 96, and 120 h),
50 pL of the sample was withdrawn and replaced
with fresh PBS. The withdrawn samples were
mixed with 50 pL of DMSO, and the absorbance was
measured at 300 nm (Spectramax M3, Thermo
Scientificc, Waltham, MA, USA) to determine
cumulative drug release.

Preparation of Nanoparticle Combinations
Glabridin and proanthocyanidin nano-
particles were mixed in different ratios (2:1, 1:1,
and 1:2) using a vortex mixer to obtain
nanoparticle combinations for subsequent studies.

Antioxidant Activity Evaluation
DPPH Radical Scavenging Assay

Antioxidant activity was assessed using the
DPPH radical-scavenging assay. A 500 uM DPPH
solution was prepared in absolute ethanol. Test
samples (100 pL) were pipetted into a 96-well
plate, followed by the addition of 100 pL of DPPH
solution. The mixture was incubated in the dark at
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room temperature for 30 minutes, and absorbance
was measured at 517 nm (Spectramax M3, Thermo
Scientific,c, Waltham, MA, USA). The percentage
inhibition of DPPH radicals was calculated.

Acontrol— Asamp]e

%Inhibition =

x100%

Acontrol

ABTS Radical Scavenging Assay

The ABTS radical-scavenging activity was
evaluated by preparing an ABTSe+ solution by
reacting 7 mM ABTS with 2.45 mM potassium
persulfate, which was incubated in the dark for 18
hours. A 20 pL aliquot of the test sample was
pipetted into a 96-well plate, followed by the
addition of 180 uL of ABTSe+ solution. After 15
minutes of incubation in the dark at room
temperature, the absorbance was measured at 734
nm (Spectramax M3, Thermo Scientific, Waltham,
MA, USA), and the percentage inhibition of ABTS
radicals was calculated.

Acontrol— Asamp]e

%Inhibition = x100%

Acontrol

Ferric Reducing Antioxidant Power (FRAP)
Assay

The FRAP assay was performed by
preparing the FRAP reagent consisting of acetate
buffer, FeCls, and 2,4,6-tripyridyl-S-triazine
(TPTZ). A 20 pL aliquot of the test sample was
mixed with 180 pL of FRAP reagent in a 96-well
plate and incubated at 37°C for 30 minutes.
Absorbance was measured at 595 nm (Spectramax
M3, Thermo Scientificc Waltham, MA, USA). A
calibration curve was constructed using ferrous
sulfate (FeS04,:7H,0) at concentrations ranging
from 0 to 5,000 uM. The FRAP values of the samples
were calculated from the standard curve and
expressed as micromolar of Fe?*equivalent. All
experiments were performed in triplicate, and
results were reported as mean + standard deviation.

Stability Evaluation of Nanoparticles
Physical Stability

The physical stability of nanoparticles was
assessed by storing the samples at 4°C and 30°C for
up to 4 weeks. At different time points, particle size,
PDI, and zeta potential were measured to evaluate
stability.
Chemical Stability

The chemical stability of nanoparticles was
assessed by storing the samples at 4°C and 30°C
and measuring proanthocyanidin and glabridin
content using a microplate reader at 300 nm
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(Spectramax M3, Thermo Scientific, Waltham, MA,
USA) after 2 and 4 weeks of storage.

Statistical analysis

The data were analyzed using GraphPad
Prism 8 (La Jolla, CA, USA) using two-way analysis
of variance (ANOVA) to evaluate the effects of
temperature and time, followed by Tukey’s
post hoc test for multiple comparisons. A p-value of

less than 0.05 was considered statistically
significant.
RESULTS AND DISCUSSION

Characterization of Proanthocyanidin and
Glabridin Nanoparticles

The stability of  glabridin and
proanthocyanidin nanoparticles was assessed over
four weeks by monitoring particle size,
polydispersity index (PDI), and zeta potential at
4°C and 30°C (Figure 1). The results indicate that
storage temperature significantly affects the
stability of both nanoparticle types, with 30°C
promoting aggregation and size increase,
particularly for proanthocyanidin nanoparticles.

The particle size of glabridin nanoparticles
remained relatively stable at 4°C, with only a minor
increase over time. However, at 30°C, a significant
increase in size was observed after 2 and 4 weeks.
In contrast, proanthocyanidin nanoparticles
exhibited a more pronounced increase in size at
30°C, reaching over 200 nm after 2 and 4 weeks.
These results suggest that proanthocyanidin
nanoparticles are more sensitive to temperature
variations, making 4°C a more suitable storage
condition to maintain their stability.

The polydispersity index (PDI), which
reflects the uniformity of nanoparticle size
distribution, exhibited distinct trends across
formulations. Glabridin nanoparticles maintained a
relatively low and stable PDI at both temperatures,
suggesting good colloidal stability. A slight
decrease in PDI at 30°C was observed at weeks 2
and 4, indicating a narrower particle size
distribution under these conditions. In contrast,
proanthocyanidin  nanoparticles showed a
significant increase in PDI at 30°C, at weeks 2 and
4, indicating increased size heterogeneity and
possible particle size instability. At 4°C, PDI
remained stable, further supporting the better
stability of proanthocyanidin nanoparticles under
lower temperatures. The zeta potential, which
represents surface charge and stability, was also
evaluated over time. Glabridin nanoparticles
showed only minor changes in zeta potential, with
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no significant differences between 4°C and 30°C,
except for a slight increase after 2 weeks. This
suggests that glabridin nanoparticles maintained
sufficient electrostatic repulsion to prevent
aggregation. Proanthocyanidin  nanoparticles,
however, exhibited a significant increase in zeta
potential (more negative) at 30°C by week 2 and
week 4, possibly due to the presence of the ionized
form of proanthocyanidin on the surface of the
nanoparticles.

Encapsulation Efficiency of Proanthocyanidin
and Glabridin Nanoparticles

Encapsulation efficiency (%EE) was
evaluated using a microplate reader at 300 nm. The
results indicated that proanthocyanidin

nanoparticles exhibited a higher %EE (89.48 *
4.57%) compared to glabridin nanoparticles (49.73
+ 0.72%). This suggests that proanthocyanidin was
more effectively encapsulated within the
nanoparticle matrix, whereas glabridin exhibited
moderate encapsulation efficiency.

In Vitro Drug Release Study

The cumulative release of glabridin and
proanthocyanidin nanoparticles was evaluated
over 120 hours to assess their drug-release
behavior (Figure 2). The release profiles
demonstrate a biphasic pattern, characterized by
an initial burst release followed by a sustained
release phase. Within the first 24 hours, both
nanoparticle types exhibited rapid initial release,
with glabridin nanoparticles releasing
approximately 57.05+11.32% of the encapsulated
compound, whereas proanthocyanidin
nanoparticles released approximately
43.08+4.11%. This initial burst may be attributed
to the release of surface-adsorbed drug molecules
that were loosely  bound to the nanoparticle
matrix. Followingthe burst phase, the release rate
decreased, indicating a controlled, sustained
release mechanism. By 120 hours, glabridin
nanoparticles exhibited a cumulative release of
nearly  100%, whereas proanthocyanidin
nanoparticles reached approximately 60%. This
difference suggests that glabridin nanoparticles
release their payload more rapidly, while
proanthocyanidin nanoparticles provide a more
prolonged release, potentially due to stronger
interactions between proanthocyanidin and the
nanoparticle matrix. The sustained release
observed in both formulations is beneficial for
extended drug retention, reducing the need for
frequent administration.
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Figure 1. Particle size, polydispersity index (PDI) values, and zeta potential values of glabridin nanoparticles
(Glabridin NP) and proantho-cyanidin nanoparticles (Proanthocyanidin NP) stored at 4°C and 30°C over
different time points. Data are presented as mean # standard deviation. *, **, *** and **** indicate p<0.05,
p<0.01, p<0.001, and p<0.0001, respectively.
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Figure 2. Release profiles of nanoparticles containing glabridin and proanthocyanidin in phosphate-
buffered saline (PBS) at pH 7.4 over 120 hours. The cumulative release percentage was measured at various
time points and plotted as mean * standard deviation. Statistical significance relative to hour 0 is indicated

by *** (p < 0.001) and **** (p < 0.0001).

This controlled-release behavior suggests that
nanoparticle encapsulation enhances the solubility
and stability of glabridin and proanthocyanidin,
making them promising candidates for sustained
antioxidant and therapeutic applications.

Antioxidant Activity of Proanthocyanidin and
Glabridin Nanoparticles

The antioxidant activities of glabridin and
proanthocyanidin, both in their pure forms and as
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nanoparticle formulations, were compared using
DPPH, ABTS, and FRAP assays (Figure 3). The ICs,
values revealed significant differences in activity
depending on the compound form and the assay
used. In the DPPH assay, which measures the ability
to neutralize free radicals, the pure form of
glabridin (2205%357 pg/mL) exhibited
significantly lower antioxidant activity than its
nanoparticle formulation (836+84 pg/mL). The
pure form of proanthocyanidin (317+42 pg/mL)
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showed significantly higher antioxidant potency
compared with proanthocyanidin nanoparticles
(851.8+311 pg/mL), which may be attributed to
differences in release Kinetics and accessibility of
the active compound. The in vitro release study
demonstrated that glabridin nanoparticles
exhibited a faster and more extensive release
profile, whereas proanthocyanidin nanoparticles
showed a slower and more sustained release
(~60% at 120 h). This sustained-release behavior
may limit the immediate availability of
proanthocyanidin to interact with DPPH radicals,
leading to a higher apparent ICs, value.

The ICso values of the reference
antioxidants, including EGCG and ascorbic acid,
were found to be 65.69+12 pg/mL and 132.4+13
pug/mL, respectively. The enhanced antioxidant
activity of glabridin nanoparticles is likely due to
increased surface area and solubility, which
facilitate better interaction with free radicals.
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Figure 3. DPPH and ABTS radical-scavenging
activities and ferric-reducing capacity of different
samples at various concentrations. Data are
presented as mean * standard deviation.
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In contrast, the ABTS assay revealed a
distinct antioxidant profile. Glabridin nanoparticles
and proanthocyanidin nanoparticles showed
remarkably strong ABTS radical scavenging
activity, with very low ICso values of 12.41 and
13.94 pg/ml, respectively. Among the free
compounds, glabridin (670.9 pg/mL), EGCG (566.3
pg/mL), and ascorbic acid (472.1 pg/mL)
demonstrated moderate activity, while
proanthocyanidin exhibited the weakest ABTS
scavenging effect (ICso = 1197 pg/mL). This
substantial enhancement in ABTS free radical

scavenging activities suggests that
nanoencapsulation significantly improves the
compounds' accessibility to aqueous-phase

radicals, possibly by increasing dispersion and
reactivity in hydrophilic environments.

Glabridin nanoparticles and
proanthocyanidin nanoparticles demonstrated
superior ferric reducing activity, with FRAP values
of 2144.33 and 1897.58 uM, respectively. These
were substantially higher than those of their pure
forms, ie, glabridin (439.32 uM) and
proanthocyanidin  (1143.78 uM), indicating
enhanced electron-donating capacity. While EGCG
and ascorbic acid also showed strong reducing
power (1463.23 and 1522.51 uM), the nanoparticle
formulations exceeded their activity, suggesting
that nanoencapsulation not only preserved but also
enhanced redox potential.

Stability of Proanthocyanidin and Glabridin
Nanoparticles
Chemical Stability

The chemical stability of nanoparticles was
evaluated by measuring the remaining percentage
of glabridin and proanthocyanidin in the
formulations over 4 weeks. A significant decline in
the remaining percentage was observed for
glabridin  nanoparticles stored at both
temperatures, suggesting degradation.
Proanthocyanidin nanoparticles remained stable
for 2 weeks but exhibited significant degradation at
4 weeks. These findings suggest that
proanthocyanidin nanoparticles have better
chemical stability than glabridin nanoparticles,
likely due to proanthocyanidin's inherent
antioxidant properties.

The stability study of glabridin-loaded
nanoparticles showed a time-dependent decline
in the remaining glabridin content, with
more pronounced degradation at 30°C than at 4°C.
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Figure 4. The DPPH and ABTS radical-scavenging activities and ferric-reducing power of glabridin and
proanthocyanidin nanoparticles after storage at 4°C and 30°C for 2 and 4 weeks. Data are presented as
mean * standard deviation. Statistical significance relative to week 0 is indicated by *** (p < 0.001) and ****

(p < 0.0001).

At 4°C, the percentage of glabridin retained was
55.67+£2.97% at week 2 and 45.56%2.89% at week
4, indicating a gradual reduction in stability. In
contrast, storage at 30°C resulted in a faster
decline, with only 51.47+1.50% remaining at week
2 and 32.63%¥1.09% at week 4. These findings
confirm that lower temperatures enhance the
stability of glabridin in nanoparticles, significantly
slowing down its degradation compared to ambient
conditions.

The stability study of proanthocyanidin-
loaded nanoparticles at 4°C and 30°C showed a
time-dependent reduction in proanthocyanidin
content at both temperatures. At 4°C, the retained
proanthocyanidin content was 95.13 + 6.96% at
week 2 but decreased markedly to 39.56 + 0.80%
by week 4, indicating a substantial decline during
the later storage period. At 30°C, 99.32 + 1.03%
remained at week 2 and decreased to 61.04 *
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0.849% at week 4. Overall, the results indicate that
degradation occurred at both temperatures, with
lower remaining content observed at 4°C than at
30°C, at week 4.

Stability of Antioxidant Activity

The DPPH radical scavenging activity of
glabridin nanoparticles and proanthocyanidin
nanoparticles over a 4-week storage period at two
different temperatures: 4°C and 30°C (Figure 4).
For glabridin nanoparticles, DPPH scavenging
activity increased slightly at week 2, reaching
approximately 80% at both storage temperatures.
However, by week 4, activity had declined to
approximately 40% at 4°C and slightly lower at
30°C. These results corresponded well with the
%remaining of glabridin in nanoparticles, which
were 45.6% and 32.6%, when stored at 4°C and 30°
C, respectively. The drop in activity suggests time-
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dependent degradation of the antioxidant
components, though the storage temperature did
not appear to significantly influence the extent of
degradation at this later time point.

The ABTS scavenging activity remained
relatively high throughout the 4-week period. A
slight but statistically significant decrease was
observed at week 2, dropping to approximately
75% for both temperatures. By week 4, activity
remained stable, with no further significant loss,
indicating that glabridin nanoparticles retained
good antioxidant stability under both refrigerated
and room-temperature conditions. The minimal
changes over time suggest that glabridin
nanoparticles are relatively stable with respect to
their ABTS radical-scavenging activity, and that
storage temperature had a limited effect on their
performance.

In contrast, proanthocyanidin nanoparticles
exhibited a steady, more pronounced decline in
antioxidant activity over time. At week 2, the DPPH
scavenging ability dropped to approximately 50-
55%, with a sharper reduction observed at 30°C. By
week 4, the activity further decreased to about 40%
at 4°C and around 30% at 30°C.

For ABTS scavenging activity, a moderate
decline was observed by week 2, decreasing to
approximately 80% at 4 °C and 75% at 30 °C. By
week 4, a marked and statistically significant
reduction in antioxidant activity was observed. The
ABTS scavenging values became negative,
particularly at 4 °C, indicating a substantial loss of
measurable antioxidant capacity. This pronounced
decrease is consistent with the concurrent
reduction in proanthocyanidin content and DPPH
radical-scavenging activity = during storage,
suggesting that degradation or transformation of
the active compounds contributed to the
diminished activity. However, it may also be
influenced by assay-related limitations. The ABTS
assay is highly sensitive to reaction conditions, and
factors such as solvent system, pH, and changes in
sample composition during storage (e.g,
degradation products or matrix alterations) can
affect absorbance-based measurements (Wolosiak
et al, 2022; Zheng et al, 2016). Therefore, the
negative values are more appropriately interpreted
as a combination of substantial loss of antioxidant
activity and potential analytical interference.

For glabridin nanoparticles, the initial FRAP
value at week 0 was approximately 650 uM for both
storage conditions, indicating moderate baseline
reducing activity. At week 2, a significant increase
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was observed, with Fe(ll) equivalents rising to
approximately 1200 uM at both temperatures. This
enhanced reducing power was maintained through
week 4, although a slight reduction was seen at
30°C compared to 4°C. The sustained high FRAP
values suggest good oxidative stability of glabridin
nanoparticles under both storage conditions, with
refrigeration slightly better preserving activity.
The notable increase from baseline may indicate
the release of glabridin and proanthocyanidin from
the nanoparticle matrix over time, which enhanced
the exposure or availability of redox-active groups.

In contrast, proanthocyanidin nanoparticles
exhibited a different stability profile. At week 2, a
significant divergence between temperatures was
observed. The reducing power increased
substantially at 30°C, reaching over 1000 pM,
whereas the activity remained unchanged at 4°C. A
similar pattern persisted at week 4, with the 30°C
group maintaining high reducing capacity (~950
uM) and the 4°C group showing minimal change.

This suggests that proanthocyanidin
nanoparticles may undergo temperature-
dependent transformation, potentially enhancing
their reducing power at ambient temperature.
However, the concurrent decline in radical-
scavenging activity (as evidenced by ABTS and
DPPH data) suggests that these changes may
involve degradation processes that release
phenolic or redox-active fragments.

Antioxidant activity of Glabridin and
Proanthocyanidin Nanoparticle mixture

The antioxidant activity of glabridin and
proanthocyanidin nanoparticles, as well as their
combinations in different ratios (2:1, 1:1, and 1:2),
was assessed using DPPH, ABTS, and FRAP assays
(Figure 5).

The DPPH and ABTS assays demonstrated
that the free radical-scavenging potential
correlated with the proportion of glabridin
nanoparticles.

The FRAP assay indicated that glabridin and
proanthocyanidin nanoparticles showed
comparable reducing power, with no significant
difference. The combination ratios among the
different formulations showed a significant
alteration in their activity. In particular, the
mixture of a 2:1 glabridin-to-proanthocyanidin
nanoparticles ratio showed the highest
reducing activity. This result might indicate a
synergistic effect on ferric-reducing antioxidant
power.
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Figure 5. The DPPH and ABTS radical-scavenging activities and ferric-reducing power of various
nanoparticle formulations, including glabridin and proanthocyanidin nanoparticle mixtures at ratios of 2:1,
1:1, and 1:2, as well as individual proanthocyanidin and glabridin nanoparticles. Data are presented as
mean * standard deviation. Statistical significance relative to glabridin nanoparticlesis indicated by *, **,
and **** indicate p<0.05, p<0.01, and p<0.0001, respectively

Discussion

In this study, proanthocyanidin and
glabridin nanoparticles were successfully prepared
via the solvent-displacement method. Glabridin, a
lipophilic isoflavan, interacts strongly with
phosphatidylcholine through dominant
hydrophobic insertion into the lipid acyl-chain
region, supported by hydrogen bonding between
its phenolic hydroxyl groups and phospholipid
carbonyl and phosphate moieties (Zhang et al,
2021). This molecular association localizes
glabridin primarily within the hydrophobic core
and interfacial regions of phosphatidylcholine-
based lipid nanoparticles, resulting in high
encapsulation efficiency, reduced burst release,
and enhanced physicochemical stability (Lin et al.,
2024). The interaction resembles a phospholipid-
drug complex rather than simple surface
adsorption, accounting for the improved
bioavailability and sustained biological activity of
glabridin-loaded lipid nanoparticles (Patel et al.,
2024).

Although proanthocyanidins are
hydrophilic, their multiple phenolic hydroxyl
groups enable strong hydrogen bonding and
interfacial interactions with phosphatidylcholine
headgroups (Karonen, 2022). The aromatic rings of
proanthocyanidins further stabilize the complex
via m-cation interactions with the choline moiety,
resulting in predominant localization at the
phospholipid headgroup-acyl chain interface
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(Villalain, 2022). This interfacial trapping restricts
molecular mobility, thereby enhancing
encapsulation efficiency, improving chemical
stability, and sustaining release from
phosphatidylcholine-based lipid nanoparticles
(Zakharov et al., 2026).

The release profiles of proanthocyanidin
and glabridin nanoparticles displayed a biphasic
release pattern, characterized by an initial rapid
release within the first 24 hours, followed by a
slower, sustained release. The initial burst release
was attributed to surface-adsorbed
proanthocyanidin and glabridin. The subsequent
sustained release phase resulted from the gradual
diffusion of encapsulated compounds through the
nanoparticle matrix.

Antioxidant activity was assessed using the
DPPH, ABTS, and FRAP assays, revealing
formulation-dependent differences between free
and nanoparticle forms. For glabridin, the
nanoparticle formulation showed improved
antioxidant activity compared with the free
compound, as reflected by a lower ICs, value in the
DPPH assay. This improvement may be associated
with enhanced dispersion and apparent solubility
of the lipophilic compound within the nanoparticle
system, facilitating better interaction with free
radicals (Yu et al, 2022). In contrast, for
proanthocyanidin, although the nanoparticle
formulation exhibited a numerically higher ICs,
value than the free form, this difference was not
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statistically significant. This suggests that
nanoparticle incorporation did not substantially
alter the DPPH radical-scavenging activity of
proanthocyanidin under the conditions tested.

Glabridin- and proanthocyanidin-loaded
nanoparticles exhibited effective DPPH and ABTS
radical scavenging due to hydrogen atom and
electron donation from phenolic hydroxyl groups.
However, during storage at 30°C, proanthocyanidin
nanoparticles exhibited a gradual decline in
radical-scavenging activity, which may be
associated with oxidative consumption of phenolic
hydroxyl groups, formation of quinone structures,
and polymerization-induced masking of reactive
sites (Huynh et al,, 2026). These structural changes
preferentially impair hydrogen-atom transfer-
based radical scavenging, whereas electron-
transfer capacity may remain partially preserved.

This interpretation is consistent with the
observed divergence between radical-scavenging
assays (DPPH and ABTS) and FRAP results. While
DPPH and ABTS activities decreased during
storage, FRAP values increased under certain
conditions, suggesting that degradation or
transformation of proanthocyanidin may generate
smaller phenolic or redox-active species that retain
or enhance electron-donating capacity (Souza etal,,
2023). In addition, sustained release from the
nanoparticle matrix may further increase the
availability of redox-active components. Therefore,
the antioxidant behavior during storage likely
reflects a combination of structural transformation
and changes in compound accessibility.

Chemical stability testing showed decreased
retention of both glabridin and proanthocyanidin
in the nanoparticle formulations after four weeks of
storage, indicating some degree of degradation.
The degradation of glabridin was likely due to
hydrolysis in the aqueous environment, as water is
a strong ionizing agent that can reduce glabridin
stability (Ao et al, 2010). Similarly,
proanthocyanidin is prone to oxidative
degradation upon exposure to oxygen (Liang et al.,
2024). Alternatively, the observed decrease in
compound retention could be attributed to the
gradual release of the active compounds into the
storage medium. The stability of antioxidant
activity was also evaluated, revealing a decrease in
DPPH and ABTS scavenging activity after two
weeks of storage, likely due to the degradation of
active compounds.

The enhanced antioxidant activity observed
in the nanoparticle formulations may be further
understood in light of redox cycling and antioxidant

308

regeneration mechanisms. According to the
previous study, antioxidants with lower redox
potentials (E°) are thermodynamically capable of
reducing oxidized antioxidant radicals back to their
active forms (Decker et al, 2010). In this study,
EGCG and ascorbic acid demonstrated strong
antioxidant activity in all assays due to their low E°
values (~282-430 mV), which enable effective
hydrogen or electron donation. Similarly, both
proanthocyanidin and glabridin, as polyphenolic
compounds, are likely to undergo redox reactions
that enable regeneration or recycling during
radical scavenging. (Lee et al., 2015; Rumpf et al,,
2023; Wolosiak et al., 2022)

The observed increase in FRAP values with
storage time, particularly for glabridin
nanoparticles, suggests enhanced electron-
donating capacity, possibly due to the formation of
redox-active degradation products or
rearrangements of the nanoparticle matrix that
increase accessibility to reducing moieties. This is
consistent with the antioxidant regeneration
theory, in which oxidized antioxidants can be
converted back to their active forms in the
presence of other redox-active compounds or
favorable matrix environments (Razzak et al,
2019).

Interestingly, the combination of glabridin
and proanthocyanidin nanoparticles at a 2:1 ratio
exhibited the highest FRAP values, potentially
indicating synergistic antioxidant interactions,
including via redox cycling. Although a formal
regeneration mechanism was not directly
measured in this study, the combined system's
performance aligns with prior findings in which
one antioxidant regenerates another, such as the
well-documented  ascorbic  acid-a-tocopherol
system. Although no significant additive or
synergistic effects were observed in the DPPH and
ABTS assays, the enhanced FRAP activity suggests
that redox regeneration between glabridin and
proanthocyanidin may be more readily detectable
in electron-transfer-based systems than in radical-
scavenging assays, where such regeneration may
not be kinetically favorable.

Moreover, the improvement in antioxidant
activity upon nanoencapsulation can be partially
attributed to improved spatial distribution and
increased solubility, which facilitate more effective
radical scavenging and may enhance redox
interactions (Pateiro et al., 2021).

These observations support the hypothesis
that nanoencapsulation not only protects
antioxidants from degradation but may also
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promote intramatrix redox cycling, thereby
sustaining or even enhancing antioxidant efficacy
over time. Future studies should compare redox
potentials and regeneration Kkinetics among
proanthocyanidin, glabridin, and their oxidation
products to further validate the possibility of
synergistic interactions via antioxidant recycling
mechanisms.

CONCLUSION

This study developed phosphatidylcholine-
based nanoparticles that encapsulate glabridin and
proanthocyanidin, = demonstrating  enhanced
antioxidant activity, controlled release, and
improved stability relative to their free forms. The
mixture of glabridin and proanthocyanidin
nanoparticle formulations exhibited the highest
ferric-reducing antioxidant power (FRAP),
suggesting potential synergistic antioxidant
regeneration via redox cycling. Stability
assessments revealed that storage at 4°C preserved
antioxidant activity and compound integrity more
effectively than storage at 30°C, which accelerated
degradation.
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