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B-Carotene (BC), a natural carotenoid, is the most important and effective vitamin A precursor, known also
for its antioxidant properties. However, its poor water solubility, chemical instability, and low bioavailability
limit its effectiveness as an orally delivered functional nutrient. Nanoparticle encapsulation improves BC's
bioaccessibility by enhancing its stability and solubility. This study compares two formulations, i.e. BC-
loaded poly(lactic-co-glycolic acid) (PLGA) NPs and liposomes before and after exposure to simulated
gastrointestinal fluids using various methods such as Taylor dispersion analysis (TDA), cryo-transmission
electron microscopy, dynamic light scattering (DLS), and nanoparticle tracking analysis (NTA). TDA,
a microfluidic technique, proved more effective than DLS and NTA in determining nanoparticle size in
simulated gastrointestinal fluids. This highlights TDA's potential for assessing nanoparticle colloidal
stability in simulated gastro-intestinal fluids, crucial for evaluating encapsulated bioactives' bioavailability.
High-performance liquid chromatography (HPLC) revealed that PLGA nanoparticles incorporate and

preserve BC more effectively during long-term storage compared to liposomes. Adding ascorbic acid
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Accepted 7th January 2025 significantly reduced degradation in simulated gastrointestinal fluids. Release studies showed that

liposomes released 52% of BC after 36 hours, while PLGA nanoparticles released only 9% over 168 hours.
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Introduction

Beta-carotene (BC), a potent antioxidant and precursor of
vitamin A, is a vital bioactive component." As an antioxidant, BC
scavenges free radicals in the body, thereby reducing oxidative
stress and the risk of modern chronic civilization diseases such
as cancer and cardiovascular diseases.” BC contributes signifi-
cantly to daily vitamin A intake, providing up to 35% of daily
requirements in industrialized countries® and as much as 80%*
in emerging economies. Vitamin A deficiency (VAD) remains
awidespread health issue affecting 33.3% of preschool children
and 15.3% of pregnant women globally,® with the highest rates
in sub-Saharan Africa (48%) and South Asia (44%). In 2019, VAD
affected 334 million (95% CI = 253.00-433.74) children and
adolescents across 165 low- and middle-income countries.®
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These results provide valuable insights for selecting an appropriate BC nanocarrier for oral delivery based

Vitamin A deficiency (VAD) primarily results from inadequate
consumption of vitamin A-rich foods to meet the body's physi-
ological requirements. While meat and dairy products are the
main sources of preformed vitamin A in many Western pop-
ulations, a growing number of vegans” increasingly depend on
pro-vitamin A carotenoids, particularly BC, as a low-cost vitamin
A source.®

Despite BC's potential health benefits, its efficacy in food and
nutraceutical applications is limited by poor water solubility,
chemical instability, lipophilic character, and low bioavail-
ability.” To overcome these limitations, nanotechnology-based
formulations have been employed to encapsulate, protect, and
enhance the delivery of BC by improving stability and
biocompatibility.'*** Despite extensive research on the encap-
sulation of BC within colloidal nanoparticles (NPs),'*** there
remains a notable lack of studies focused on accurately char-
acterizing the colloidal stability of these NPs and their encap-
sulated bioactives in complex gastrointestinal environments.
After nanoencapsulation, it is essential to monitor the physi-
cochemical properties of nanocarriers under gastrointestinal
conditions to evaluate their stability and behaviour. However,
the complex nature of gastrointestinal fluids'® poses a signifi-
cant challenge, including (i) characterizing the physicochemical

RSC Adv, 2025, 15, 1095-1104 | 1095


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08138b&domain=pdf&date_stamp=2025-01-13
http://orcid.org/0000-0002-9674-1772
http://orcid.org/0000-0002-4847-9845
http://orcid.org/0000-0001-6587-6175
http://orcid.org/0000-0003-0204-0471
http://orcid.org/0000-0002-7805-9366
http://orcid.org/0000-0002-2469-9704
http://orcid.org/0000-0003-3952-7849
https://doi.org/10.1039/d4ra08138b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08138b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015002

Open Access Article. Published on 13 January 2025. Downloaded on 10/31/2025 12:34:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

properties of nanocarriers, (ii) accurately quantifying the BC
released from the nanocarriers in the gastrointestinal medium,
where it is susceptible to degradation,'” while controlling the
subsequent release of BC, and (iii) preserving the chemical
stability of BC upon release in the gastric fluids. These chal-
lenges make it difficult to accurately assess and predict the
behaviour of nanocarriers in the digestive environment."®

In this study, poly(lactic-co-glycolic acid) (PLGA) nano-
particles (NPs) and liposomes were investigated as model
biocompatible BC nanocarriers and their colloidal stability in
simulated gastric and intestinal fluids, hereafter referred to as
simulated gastrointestinal fluids (SGIF), was assessed by Taylor
dispersion analysis (TDA) alongside complementary tech-
niques, including nanoparticle tracking analysis (NTA), cryo-
transmission electron microscopy (Cryo-TEM), and dynamic
light scattering (DLS). While DLS is a well-established technique
for measuring NP size (distribution)'*** TDA offers a distinct
advantage over DLS and NTA. Using TDA, we were able to assess
the size of both PLGA NPs and liposomes in 20% SGIF without
the need for NP purification. TDA, which determines NPs' size
in laminar flow through optical absorption,** is a suitable
technique for analyzing nanoformulations in complex matrices,
as it is less sensitive to polydispersity.** TDA has also been
successfully applied in pharmaceutical (nano)formulations,
allowing the resolution of multicomponent samples.>**

In addition, our study overcomes the challenge associated
with the chemical instability of BC in gastric fluids by using
ascorbic acid (AA), leveraging the well-documented role of AA in
preserving BC stability.”®?*° By incorporating SGIF with an
optimal concentration of AA, we successfully monitored the
release of BC from the formulation into SGIF with precision.

PLGA and liposomes have been approved by regulatory
authorities such as the World Health Organization (WHO), the
Food and Drug Administration (FDA), and the European
Medicines Agency (EMA).*"**

Results and discussion
Characterization of the PLGA NPs and liposomes in SGIF

Preliminary characterization of the unloaded PLGA NPs and
liposomes (herein referred to as NPs) before BC encapsulation
and their subsequent release in simulated gastric fluid (SGF),
simulated intestinal fluid (SIF), and water were carried out
using TDA, DLS, and Cryo-TEM. Results obtained by TDA in
water showed a hydrodynamic diameter (referred to as size) of
171 + 9 nm for PLGA NPs and 124 + 6 nm for liposomes (Fig. 1).
Complementary data from DLS and NTA were consistent with
the TDA results (Table 1, Fig. S1D and Et), indicating that TDA
is a suitable technique to determine the size of the NPs, as
supported by previous literature findings.***” Cryo-TEM
imaging revealed that both types of NPs had spherical shapes
with smooth surfaces. TEM micrographs on negative stained
NPs revealed PLGA NPs with a core diameter of 189 &+ 63 nm (n
= 1116). In contrast, the liposomes showed core diameters of
102 £ 20 nm (n = 270) (Fig. 1 and S1C¥). It is important to note
that imaging and processing stained soft nanomaterials can
introduce artifacts leading to broad-size distributions.****
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In pure SGF and SIF, the size of PLGA NPs measured by DLS
remained consistent at 0 h and 24 h (201 £+ 5 and 200 + 6 in
SGF, 205 + 4, and 206 + 5 in SIF, respectively). These sizes were
comparable to those measured in water and in purified samples
(i.e., samples dispersed in pure SGF and SIF, cleaned by
centrifugation and resuspended in water), indicating that PLGA
NPs are stable in SGF and SIF (Table 1 and Fig. S2t). Similarly,
liposomes exhibited colloidal stability in pure SGF over 24 h
(Table 1 and Fig. S2t). However, when liposomes were incu-
bated in pure SIF, a size increase was observed by DLS (2668 +
9068 nm, Table 1 and Fig. S2t) at 0 h, suggesting potential
aggregation of the liposomes or biased results due to the
contribution of SIF components to the measured sizes (Table 1
and Fig. S37). At 24 h, the size of liposomes in pure SIF was
similar to that obtained in water and purified samples, raising
concerns about the reproducibility of the analyses (Table 1 and
Fig. S27). Ultimately, results for purified liposomes after incu-
bation in SIF (Table 1 and Fig. S21) indicated that the liposomes
did not aggregate; instead, the SIF components likely affected
the DLS measurements. It is worth noting that the scattering
intensity of PLGA NPs was approximately five times higher than
that of the liposomes (Fig. S3Bf). Consequently, unlike the
liposomes, the contribution of the SGIF components did not
significantly affect the DLS results for PLGA NPs incubated in
SGIF.

The potential of TDA in resolving the size of the NPs in SGIF
was evaluated by comparing results to those obtained by DLS
and NTA. DLS relies on intensity fluctuations of scattered light
caused by particles’ Brownian motion, which leads to a bias
towards larger particle sizes due to the sixth power dependency
of scattered light intensity on diameter.*® In contrast, TDA is
less influenced by populations of larger NPs, providing a more
balanced size assessment in mixed populations.> This is
primarily because TDA relies on absorbance rather than scat-
tered light intensity, making it a more reliable method for
determining the size of the NPs in complex media.

Initial experiments on the NPs dispersed in pure SGIF and
using pure SGIF as the eluent led to bi-component Taylor-
grams®® displaying two distinct contributions: a narrow band
corresponding to the medium (Fig. S3D and Ef) and a broad
band corresponding to the NPs (Fig. S4f). Modeling (ESIt)
allowed determining NP sizes in pure SGIF. This demonstrates
TDA's advantage over DLS for measuring NP sizes in pure SGIF
without the need for sample purification beforehand. To
confirm the results, samples were purified by centrifugation
and redispersed in water, observing that the contribution of the
medium was suppressed (Table 1 and Fig. S41). The obtained
size values were comparable to those measured using pure SGIF
as the eluent. Additional experiments evaluated the feasibility
of characterizing NPs in pure SGIF. These experiments showed
that measurements could be performed on non-purified
samples using 20 vol% of SGF or SIF as the eluent buffer
without much contribution of the SGIF to the Taylorgram
(Fig. 1). Under these conditions and at 0 h, the sizes were
comparable across different conditions: in water, in purified
samples after SGIF exposure using water as the eluent, and in
non-purified samples using 20 vol% of SGIF as the eluent (Fig. 1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TDA analysis of empty PLGA NPs and liposomes to determine their hydrodynamic diameter under various conditions. Initially, the
hydrodynamic diameter was determined using water as the eluent immediately after preparation. Subsequently, measurements were taken after
resuspension in simulated gastric (SGF) or simulated intestinal fluid (SIF) at t = O h. For these measurements, water was used as the eluent for
purified samples, while 20 vol% SGF or 20 vol% SIF was used as the eluent for non-purified samples. The hydrodynamic diameter was determined
after fitting the data using the Taylor—Aris model.?72* The results are expressed as average n = 5, +standard deviation. --- experimental data
values — fitted data values. Both NPs were visualized by a cryo-transmission electron microscope, scale bar = 300 nm for PLGA NPs and 200 nm

for liposomes.

and Table 1). These findings highlight the robustness of TDA in
measuring NP size, even in complex media such as SGIF. TDA
shows clear advantages over DLS, particularly for weakly scat-
tering NPs, such as liposomes, in the presence of interfering
medium components and particles. (Fig. S57).

To mimic oral delivery, NPs were incubated in SGF for 2 h
followed by SIF for 24 h (hereafter referred to as sequential
exposure) and then characterized by DLS, TDA, and electron
microscopy. (Fig. 2 and S6t). Using DLS, multiple size distribu-
tion peaks were observed for both types of particles sequentially
exposed to SGF and then SIF before purification, with

© 2025 The Author(s). Published by the Royal Society of Chemistry

hydrodynamic diameters ranging from 418 to 1525 nm (green
plot, Fig. S27t). This observation likely results from strong scat-
tering effects caused by agglomeration induced by proteins and/
or ions from the SGIF.*” After sequential exposure and purifica-
tion, the size of the PLGA NPs decreased but remained larger
than the size of the particles in pure water. Conversely, the size of
the liposomes after sequential exposure and purification was
comparable to the size measured in pure water (Table 1 and
Fig. S2t). Contrarily, data obtained by TDA using water as the
eluent (Fig. 2 and Table 1) showed that the size of both NPs after
sequential exposure and purification was similar to the size
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Table 1 Summary of the sizes obtained by DLS and TDA for all the NPs and conditions studied

Size DLS [nm] Size TDA [nm]
PLGA NPs Liposomes PLGA NPs Liposomes Eluent
Medium 0h 24 h 0h 24 h 0h 24 h 0h 24 h
Water 20015 — 133+ 2 — 171+9 — 124+6 — Water
Pure SGF Non-purified® 201 +£5 200=+6 135+ 2 129 £2 132 +3 135+£9 162+8 87+£3 Pure SGF
Purified” 2103 206+t4 134+ 2 140 £ 2 147+4 179+£7 125+£5 110 £15 Water
20 vol% SGF Non-purified® 182 +4 — 126 £ 2 — 174 £ 13 — 119+ 14 — 20 vol% SGF
Pure SIF Non-purified® 205 +4 206+ 5 2668 + 9068 155 + 17 108+7 114+£21 71+3 56 £ 6 Pure SIF
Purified” 221+£6 218+6 137 £ 3 134 £2 166 2 167 £36 115+ 12 76 £11 Water
20 vol% SIF Non-purified® 182 +3 — 2738 £213 — 159 £21 — 109 £ 17 — 20 vol% SIF
Sequential exposure® Non-purified® 418 18 506 + 490 1525 £ 3600 916 2985 107 +£5 125+27 56+ 1 58+ 8  Pure SGF/SIF
Purified” 386 £29 35419 129+1 167 £5 166 8 166 +5 119 £26 101 35 Water

“ For DLS analyses, non-purified samples were diluted using Milli-Q water.  Samples were purified by centrifugation and resuspended in Milli-Q
water. © For the sequential exposure NPs were incubated in simulated gastric fluid (SGF) for 2 h followed by simulated intestinal fluid (SIF) for 24 h.
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Fig. 2 Taylorgrams of purified (A) PLGA NPs and (B) purified liposomes incubated in simulated gastric fluid (SGF) for 2 h followed by simulated
intestinal fluid (SIF) for 24 hours, with water as the eluent. TEM images of UranyLess, stained purified liposomes, and SEM images of PLGA NPs
display particles in pure SGF and pure SIF after 24 hours and sequential exposure. The hydrodynamic diameter was determined after fitting the
data using the Taylor—Aris model.?*-% The results are expressed as average n = 5, +standard deviation. --- experimental data values — fitted data
values.

measured in water (Fig. 1 and Table 1), indicating that the NPs  BC release studies
are stable upon sequential exposure to SGIF. This stability might
be attributed to steric and electrostatic stabilization.®® Steric
stabilization was provided by the surfactant used during nano-
particle synthesis, while electrostatic stabilization was achieved
through the negative zeta potential of both particles. Compared
to the observations in pure SGF and SIF, TDA could not resolve
the size of both NPs after sequential exposure when using non-
purified samples, resulting in lower size values than those ob-
tained in water and purified samples (Table 1 and Fig. S6t). The
stability of these particles was confirmed through TEM or SEM
imaging (Fig. 2), whereby their robustness in maintaining size
and structural integrity upon sequential exposure to simulated
gastrointestinal conditions was highlighted, and their potential
effectiveness for oral delivery applications was emphasized.

Before encapsulation, the antioxidant properties of BC and its
chemical stability were assessed. The DPPH (2,2-diphenyl-1-
picrylhydrazyl) scavenging activity decreased upon exposure to
SGIF compared to the control, with the lowest value recorded in
SGF (Fig. 3A and Table S1f). This reduction in antioxidant
activity is likely due to the degradation of BC into its isomers,
BC-epoxide and PC-diepoxide, which lack antioxidant proper-
ties, with this degradation being caused by the oxidative and
acidic environments present in SGF.'” Additionally, the chem-
ical stability of BC at 1 ug mL ™" was monitored over 2 h in SGF
and 8 days in SIF, showing a decrease in BC concentration over
time (Fig. 3B). To improve BC stability, ascorbic acid (AA) was
added to the SGIF, as AA is known to prevent BC degradation
over time.?®*** Three concentrations of AA (0%, 3%, and 5 m/

1098 | RSC Adv, 2025, 15, 1095-1104 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Changes in BC activity (DPPH) in pure SGF and pure SIF. Control (BC standard) was the DPPH activity of BC standard (100 pg mL™%) in
ethanol. Changes in BC concentration in (B) simulated gastric fluid (SGF) and (C) simulated intestinal fluid (SIF) in the presence or absence of
ascorbic acid (AA). (D) Storage stability of encapsulated BC during storage in PBS for liposomes and water for PLGA NPs at 4 °C for 30 days.
Results expressed as average n = 3, +standard deviation. (E) BC release profiles from BC-loaded PLGA NPs in SGF and SIF with and without AA. (F)
BC release profiles from BC-loaded liposomes in SGF and SIF with and without AA.

v%) were tested in SGIF to determine the optimal concentration
for preserving BC stability. After 2 hours, the highest BC
concentration (0.8 g mL™") was observed in SGF containing 5
m/v% AA (Fig. 3B). This improvement in BC stability is likely
due to AA reacting with reactive oxygen species (e.g., singlet
oxygen, superoxide anions, and hydroxyl radicals) that could
otherwise degrade BC.** Conversely, adding 3 m/v% AA to SIF
resulted in a significantly higher BC concentration over the 8
day incubation period (Fig. 3C). Notably, adding 5 m/v% AA to
SIF resulted in a lower BC concentration over 8 days, potentially
due to the pro-oxidant effect of AA; however, the precise
mechanism behind this effect remains unclear.”*

Preliminary characterization of the BC-loaded NPs in water
was monitored by DLS over 30 days. The results showed no
significant changes in the size, polydispersity index, or zeta
potential (Table S21) of the NPs. These data were compared to
those obtained for the empty NPs, revealing that BC encapsu-
lation had no impact on these parameters over time (Table S27),
likely due to the low molecular weight of BC (0.5 kDa).** The
encapsulation efficiencies of BC within PLGA NPs and lipo-
somes were determined using direct and indirect methods (see
Experimental section for details). The indirect method yielded
a maximum encapsulation efficiency (EE) of 90 £+ 3% for PLGA
NPs and 93 + 2% for liposomes. The direct method yielded an
EE of 60 £ 9% for PLGA NPs and 65 + 11% for liposomes
(Fig. S77). Although this observation requires further study, the
lower EE values for the direct method from both NPs were likely
due to either inefficient extraction or overestimation in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

indirect method, as the latter tends to overestimate EE.**** After
encapsulation, the chemical stability of encapsulated BC
without AA was monitored over a 30 day storage period at 4 °C
(Fig. 3D). As shown in Fig. 3D, the concentration of BC
decreased more rapidly in PBS alone than when BC was
encapsulated in PLGA NPs (dispersed in water) and liposomes
(dispersed in PBS). PLGA NPs showed a slower decrease in
concentration than liposomes over the same storage period.
This improved preservation of BC through encapsulation
demonstrates the protective effect against degradative agents.™
The more substantial reduction in BC concentration within
liposomes compared to PLGA NPs during storage is likely
attributed to lipid hydrolysis and/or oxidation,* which gener-
ates degradative compounds that break down the encapsulated
BC. This is plausible since the liposomes used in this study
contain soy lecithin, which includes unsaturated fatty acids
prone to oxidation. Soy lecithin served as the liposome's
primary ingredient, chosen for its cost-effectiveness as a phos-
pholipid source in food applications.** Additionally, liposomes
with less densely packed lipid membranes exhibit higher
membrane permeability, potentially increasing the exposure of
BC to degradative species.”’

Considering the improvement in BC stability in the presence
of AA, 5 m/v% AA in SGF and 3 m/v% AA in SIF were added to
study the release profile of fC-loaded NPs for sequential expo-
sure in SGIF (Fig. 3E and F). BC released from PLGA NPs and
liposomes without AA was also monitored and treated as the
control. For PLGA NPs, a lower concentration of BC was detected

RSC Adv, 2025, 15, 1095-1104 | 1099
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throughout the release study in the SGIF without AA compared
to the SGIF with AA. In the presence of AA, only 13 ug mL™" (7 +
1%) BC was released from PLGA NPs within SGF, and 17 pg
mL™! (9 £ 1% of the initial BC concentration in NPs, 188 pg
mL ') was released over the entire release study (Fig. 3E). The
slow release profile of BC could be attributed to strong hydro-
phobic interactions between BC and the hydrophobic part of
PLGA, ie., the lactate chain.** The characteristic slow-release
profile of drugs or active pharmaceutical ingredients, such as
BC, encapsulated in PLGA NPs, is widely acknowledged.*® SEM
imaging of the PLGA NPs after the release in SGIF showed that
particles remained stable (Fig. S81). Upon purification and
disintegration of the PLGA NPs, the concentration of BC was
quantified, revealing that 80 & 14% of BC remained unreleased.

In the case of liposomes, in the presence of AA, a steady
release of BC was observed in SGF, with 10 pg per mL BC
released after 2 h (25 £+ 3%) and a faster release in SIF, with 21
ng mL™" (52 + 4% of the initial BC concentration, 40 pg mL™")
released after 36 h (Fig. 3F). The release rates of BC from lipo-
somal systems were significantly faster in SIF compared to
PLGA NPs. This is possibly due to the penetration of bile salts
into the phospholipid bilayer, causing the swelling of liposome
vesicles* and a combination of enzymatic cleavages.”® Addi-
tionally, the pH of SIF was monitored throughout the release
study, showing a decreasing trend over time. The reduction in
pH indicated that the liposomal phospholipids were hydro-
lyzed,* liberating free fatty acids (Fig. S9t). The concentration
of BC released from liposomes in the SGIF without AA could not
be quantified, likely due to degradation, resulting in values too
low to be detected by HPLC.

Experimental

Materials

Poly(lactic-co-glycolic acid) PLGA 5004A (50:50) was kindly
offered by Corbion-Purac Biomaterials (Holland, Netherlands).
Acetone (HPLC grade, =99.8%), Pluronic-F127 (BioReagent
grade), cholesterol (=99%), and tetrahydrofuran (THF, HPLC
grade, =99.9) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene
glycol-2000 (DMG-PEG 2000, >99%) was purchased from Avanti
Polar Lipids (Birmingham, AL, USA). For high-performance
liquid chromatography (HPLC) analysis, methanol (HPLC
grade, =99.9%), BC standard (HPLC grade, =95%), both from
Sigma-Aldrich (St. Louis, MO, USA) and methyl tert-butyl ether
(MTBE, HPLC grade, =99%) from VWR International
(Fontenay-sous-Bois, France) were used. For release studies,
sodium chloride (NaCl, analytical grade, =99%), .-ascorbic acid
(AA, HPLC grade, =99%), sodium hydroxide (NaOH, reagent
grade, =98%), potassium dihydrogen phosphate (ACS reagent,
=98.5%), sodium dodecyl sulfate (SDS, ACS reagent, =99%),
2,2-diphenyl-1-picrylhydrazyl (DPPH, GC grade, =99%), ethanol
(HPLC grade, =99.8%), dichloromethane (HPLC grade,
=99.8%), and hydrochloric acid (ACS reagent, 37%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Pepsin
(reagent grade) for simulated gastric fluid was obtained from
Fisher Scientific (Loughborough, UK), while pancreatin and bile
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salts were both from porcine pancreas (8x USP specifications)
for simulated intestinal fluid were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Triton X-100 (laboratory grade)
and soy phospholipids (soy lecithin, =20% phosphatidylcho-
line) were purchased from Merck (Darmstadt, Germany), while
phosphate-buffered saline (PBS) was purchased from Life
Technologies Limited (Paisley, UK). Ultrapure water was
prepared in-house with a conductivity of 0.055 uS ecm™ ' and
a resistivity of 18.2 MQ cm, using a Milli-Q station from Sarto-
rius (Goettingen, Germany).

Preparation of PLGA NPs and BC-loading

PLGA NPs were prepared using a modified nanoprecipitation
method.”® Briefly, 20 mg of PLGA was dissolved in 1 mL of
acetone and then gradually injected at a rate of 2 mL min~"
through a 21 G needle using a pumping system (New Era Pump
System Inc., NY, U.S.A.) into a 20 mL solution of Pluronic F127
(0.1% w/v) under magnetic stirring at 360 rpm with an IKA RCT
basic stirrer (IKA-Werke GmbH, Staufen, Germany). The
dispersion was stirred for 3-4 h to evaporate the acetone.
Subsequently, the NPs were washed by centrifugation at 12 000g
at 22 °C for 20 minutes using a Thermo Scientific XIR centrifuge
(Waltham, MA, U.S.A.), and the pellet was re-suspended in 1 mL
water. BC-loaded PLGA NPs were prepared by dissolving PLGA
and 300 ug mL ™' of BC in acetone, following the same proce-
dure described for empty PLGA NPs.

Preparation of liposomes and BC-loading

Liposomes were prepared using the ethanol injection method
followed by extrusion using the procedure described by Liu
et al.*® with slight modifications. Briefly, 40.3 mg of soy lecithin,
7.5 mg of DMG-PEG 2000, and 17.4 mg of cholesterol (molar
ratio, 52:45: 3) were dissolved in 1 mL of dichloromethane-
ethanol mixture solution (1:2, v/v). Then, this mixture was
injected dropwise into 4 mL of PBS (1x) solution with a 21 G
syringe and maintained at 35 °C in a water bath while stirring
for 20 minutes to obtain crude liposomes. Rotary evaporation at
40 °C with a stepwise vacuum at 300, 200, and 100 mbar (each
for 30 minutes) was then carried out to remove the dichloro-
methane-ethanol mixture. Finally, the size of crude liposomes
was reduced by passing them at least 11 times through a series
of polycarbonate membranes, i.e., 0.8, 0.4, and 0.1 pm, using
Avanti Mini-Extruder (Avanti Polar Lipids, Birmingham, USA).
The PBC-loaded liposomes were prepared following the same
procedure described of empty liposomes by dissolving 250 pg of
BC in the dichloromethane-ethanol mixture solution together
with soy lecithin, DMG-PEG 2000 and cholesterol (52 : 45 : 3).

Physicochemical characterization

The hydrodynamic diameter and zeta potential of the NPs were
determined by dynamic light scattering (DLS) using an Anton
Paar Litesizer 500 particle analyzer (Anton Paar, Graz, Austria)
operating with a 658 nm laser, measuring the autocorrelation
function at a scattering angle of 175° and advanced cumulant
model to get the hydrodynamic size. Zeta potential was ob-
tained by applying the Smoluchowski approximation. Samples
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were appropriately diluted with Milli-Q water (pH = 6.0) before
analysis. The concentration of the NPs, expressed as particles
per mL, was obtained by nanoparticle tracking analysis (NTA)
using a Nanosight NS500 (NanoSight Ltd, Minton Park, UK).
Five measurements, each lasting 90 seconds, were conducted
with a frame number of 1498 and particles per frame ranging
from 20 to 60, using a 488 nm laser at 90° and 20 °C. The
acquired data were processed with NTA 3.4.4 (2020) software
(Malvern Panalytical Ltd, Enigma Business Park, UK). NPs were
visualized by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) using a Tescan Mira 3 SEM
(Tescan, Brno, Czech Republic) and a FEI Tecnai Spirit TEM
(Thermo Fisher, Waltham, MA, USA). For SEM, PLGA NPs were
diluted with ultrapure water and placed on a glass slide
mounted on the SEM stub with carbon tape. After drying, the
NPs were sputter-coated with 3.5 nm of gold using a Cressing-
ton Sputter Coater 208 HR (Cressington Scientific Instruments,
Chalk Hill, UK) and observed at 2 kV. For TEM, a dilute particle
suspension was drop-casted onto a 300-mesh carbon-
membrane-coated copper grid (Electron Microscopy Sciences,
Hatfield, PA, USA). Excess NPs were blotted, subjected to uranyl-
less negative staining (Electron Microscopy Sciences, Hatfield,
PA, USA), and left to dry overnight at room temperature.>® TEM
operation was at 120 kV, equipped with a CCD Olympus Veleta
camera (Hachioji, Tokyo, Japan). For Cryo-TEM, four microliters
of the sample were drop-casted on a glow-discharged Lacey 400-
carbon film grid (Agar Scientific, UK). The glow discharging was
performed by ELMO Glow Discharge System (Cordouan Tech-
nologies, France) for 15 5,2 mV at 2 x 10~ " bar. The sample was
then blotted for 4 seconds in automatic blotting mode and then
plunged into liquid ethane (—180 °C) using an EM GP2 Auto-
matic Plunge Freezer (Leica Microsystems, Wetzlar, Germany).
The cryo-plunger chamber was maintained at >90% humidity
and 20 °C. Cryo-TEM images were acquired using an FEI Eagle
CCD camera (Thermo Fisher, Waltham, MA, USA) using the
SerialEM acquisition software in low-dose mode.** All addi-
tional image processing for SEM and TEM, including scale bar
inclusion, contrast adjustments, noise reduction, and size
distribution (automatic counting), were conducted using Fiji
(Image] version 1.53).%® Segmentation of the UranyLess stained
NPs and background was performed using the pixel classifica-
tion workflow of Ilastik® (https://www.ilastik.org/). Four images
of PLGA NPs were combined into a stack image, while two
images of liposomes were loaded into Ilastik for training and
actual segmentation. The segmented stack images were
exported into FIJI (Image], National Institutes of Health,
Bethesda, MD, USA)* for automatic NP size analysis using
a built-in size analysis package on the negative stained TEM
micrographs. The diameter of the NPs was calculated from the
area of each NP as diameter = 2 x +/(area/r) using the nega-
tively stained NPs.

DPPH radical scavenging activity

The antioxidant activity of BC was measured following the
method described by Basnet, et al.,*” with minor modifications.
Briefly, 0.5 mL of ethanolic DPPH (2,2-diphenyl-1-
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picrylhydrazyl) solution (60 uM) was mixed with 0.5 mL of BC
standard (100 pg per mL BC in SGIF). The reaction mixture was
shaken and incubated for 30 minutes at room temperature in
the dark. Absorbance was then measured at 520 nm using a V-
670 spectrophotometer (Jasco Corporation, Tokyo, Japan). The
antioxidant activity of BC was expressed as the percentage of
DPPH scavenging activity, calculated using the following
formula:

Asample - Ablank

DPPH scavenging activity(%) = |1 — x 100

Acontrol

whereby: Agample = absorbance of 100 pg per mL BC standard
incubated in SGIF and DPPH, Ay.,x = absorbance of DPPH
incubated in SGIF, and A.ono1 = absorbance of DPPH incu-
bated in ethanol or SGIF.

Taylor dispersion analysis (TDA)

TDA was used to determine the hydrodynamic diameter of
empty and BC-loaded NPs incubated in the SGIF before and
after the purification by centrifugation. To purify the particles
incubated in SGIF, PLGA NPs were centrifuged at 12 000 g for 15
minutes, while liposomes were centrifuged at 40 000 g for 45
minutes. Following purification, the particles were resuspended
in Milli-Q water. TDA measurements on purified samples were
conducted using water as the eluent. For non-purified samples,
measurements were performed using water, pure SGIF, or
20 vol% SGIF as the eluent, as specified in the figure captions.
The eluent composition was identical to the medium used to
resuspend the particles in all conditions. Time-resolved absor-
bance (hereafter referred to as Taylorgram) was followed by an
ActiPix D100 UV-Vis area imaging detector with a sample rate of
20 Hz (Paraytec, York, UK) at room temperature. Samples were
injected at 200 mbar for 0.2 minutes into a fused silica capillary
(74.5 pm inner diameter, Polymicro Technologies, Phoenix,
USA) under a continuous flow of eluent (90 mbar, for 20
minutes) using a capillary electrophoresis injection system
(Prince 560 CE Autosampler, Prince Technologies B.V., Neth-
erlands). The total length of the capillary was 120 c¢m, with
a distance to the first window at 34 cm and a distance to the
second window at 75 cm. Both windows were approximately
1 cm wide, and a band-pass filter with 214 nm center wave-
length (Edmund Optics, York, UK) was used. The capillary was
cleaned between samples by passing 0.1 M NaOH at 2500 mbar
for 10 minutes, then rinsed with Milli-Q water at 2500 mbar for
10 minutes.

BC-release studies in SGIF

Two-stage consecutive in vitro release studies were conducted to
mimic oral delivery in vivo, i.e., the release was studied in SGF
for 2 h, followed by SIF for 36 h for liposomes and 8 days for
PLGA NPs. The standardized INFOGEST model was followed for
the composition of SGIF; however, enzyme concentration was
used instead of enzyme activity. This concentration has been
shown to produce results similar to those of the INFOGEST
model.*®*** The SGF comprised 0.2 g NaCl, 0.32 g pepsin, and
0.7 mL concentrated HCI in 100 mL Milli-Q water, pH 2. The SIF
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comprised pancreatin (4.8 mg mL "), porcine bile extract (10
mM), CaCl, (0.15 mM), and 7.7 mL of 0.2 M NaOH in 100 mL in
PBS, pH 6.8.%% SDS (5% w/v) was added to both media to
maintain sink conditions and facilitate BC solubilization.

The release of BC from BC-loaded PLGA NPs was studied by
mixing the NPs with 1 mL of SGF (1 : 1 v/v) and incubated at 37 °©
C with continuous agitation at 100 rpm for 2 h. After one hour
incubation, the mixture was centrifuged at 12 000g for 20
minutes at 4 °C. The supernatant (900 uL) was collected, mixed
with 100 pL of acetone, and injected into the HPLC system for
analysis. The pellet was resuspended in 1 mL of SGF for an
additional hour of incubation. After the SGF phase, the pellets
were redispersed in 1 mL of SIF and incubated at 37 °C with
continuous agitation at 100 rpm for 168 h as the release of
a hydrophobic molecule like BC, from 50 : 50 PLGA is expected
to be exceptionally slow.®* At pre-determined time intervals (2,
24, 48, 72, 120, and 168 h), samples were centrifuged at 12 000g
for 20 minutes at 4 °C. The collected pellet was resuspended in
1 mL of fresh SIF for every time interval, as shown in the SGF
phase. For HPLC analysis, the supernatant was processed
similarly to the SGF phase. The NPs were then dried in
a conventional air oven (70 °C for 5 h), dissolved in THF, and
analyzed by HPLC to determine the BC concentration remaining
in the PLGA NPs at the end of the release study.

The release of BC from PC-loaded liposomes was studied
following the procedure described by Xu et al.** Liposomes were
mixed with SGF (1 : 1 v/v, total volume of 3 mL) and incubated at
37 °C with shaking for 2 h. Afterward, the pH was adjusted to 7.5
with 1 M NaOH, and then the sample was mixed with an equal
volume of SIF for another 36 h. The pH of the SIF was main-
tained at 7.5 by manually adding 0.1 M NaOH to neutralize free
fatty acids (FFAs) released from lipid digestion. At specific
intervals (1, 2, 3, 4, 6, 8, 14, 24, and 36 h), 200 uL of the sample
was withdrawn and replaced with fresh SGF or SIF. The with-
drawn samples were ultracentrifuged at 40 000g for 45 minutes,
and the supernatant was mixed with 300 pL of acetone before
HPLC analysis. The pellets containing the liposomes were dis-
integrated by adding 280 pL of Triton X solution (10% v/v),
followed by 300 pL of acetone, and injected into the HPLC
system to quantify the BC concentration within the liposomes.

Quantification of BC by HPLC

BC was quantified using a Thermo Scientific UltiMate 3000
HPLC system (Waltham, MA, USA). The separation was per-
formed on a Nucleosil reversed-phase C18 column (100 x 4.6
mm, pore size: 5 pm) from Sigma-Aldrich (Schnelldorf, Ger-
many). The mobile phase consisted of methanol and MTBE
(90:10). The isocratic method ran for 15 minutes at a 1
mL min " flow rate, with BC detection at 450 nm using a diode
array detector.®* An injection volume of 20 puL was used, exhib-
iting a retention time of 8.5 minutes. To prevent light exposure,
samples were stored in amber-colored vials. Assay performance
was assessed for linearity, the limit of quantification, and the
limit of detection, as reported in the International Conference
on Harmonization guidelines.®® Encapsulation efficiency (EE)
was determined using direct and indirect methods. For the
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indirect method, the concentration of encapsulated BC was
determined by subtracting free BC in the supernatant from the
total BC added to the formulation. PLGA NPs were centrifuged
at 20 000g for 30 minutes, and liposomes were centrifuged at
4000g for 20 minutes through 10K filters (Microsep Advance
Centrifugal device). In the direct method, encapsulation effi-
ciency (EE) was calculated as the ratio of the concentration of BC
in disintegrated NPs to the initial BC concentration added
during formulation.®*

Statistical analysis

All mathematic fittings were performed on Mathematica
(Wolfram Research, Inc., Mathematica, Version 14.0 of 2024,
USA). The size of NPs was obtained by fitting the
Taylorgrams,* > as described in the ESI. Results are expressed
as a mean =+ standard deviation from a minimum of three
independent experiments. Differences were considered signifi-
cant at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Conclusions

In this study, the power of TDA as a suitable technique for
determining the average size of NPs in SGIF was demonstrated
through comprehensive characterization of pC-loaded PLGA
NPs and BC-loaded liposomes. When compared to conventional
DLS, TDA's efficacy in complex media was particularly
noteworthy.

The successful encapsulation of BC in both PLGA NPs and
liposomes was achieved, with a significant advancement
observed in the reduction of BC degradation through the stra-
tegic incorporation of AA at appropriate concentrations. This
finding not only underscores the potential of AA as a potent
stabilizing agent in harsh gastrointestinal environments but
also opens new avenues for enhancing the bioavailability of
orally administered compounds.

These results collectively represent a significant step forward
in NP characterization and formulation stability, potentially
advancing approaches to oral drug delivery systems and
enabling more effective nutrient delivery, as well as enhancing
functional food development.
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