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Purpose: Diabetes mellitus (DM) remains a significant health challenge, with traditional treatments often failing to provide lasting
solutions. Taxifolin (Tax), a potential phytomedicine with antioxidant and anti-hyperglycemic properties, suffers from low water
solubility and poor bioavailability, necessitating advanced delivery systems. This study aims to nanometerize taxifolin (Tax) into
selenized liposomes (Tax-Se@LPs) for enhanced oral delivery and hypoglycemic effect.

Methods: Tax-Se@LPs were fabricated through a thin-film hydration/in situ reduction technique. The resulting nanomedicine was
characterized through in vitro release studies, pharmacokinetic and pharmacodynamic evaluations, cellular uptake assays, and
formulation stability tests.

Results: The optimized Tax-Se@LPs demonstrated an average particle size of 185.3 nm and an entrapment efficiency of 95.25% after
optimization. In vitro release studies revealed that Tax-Se@LPs exhibited a slower and more sustained release profile compared to
conventional liposomes, favoring gastrointestinal drug absorption. Pharmacokinetic evaluations in normal rats indicated that Tax-Se
@LPs achieved a relative bioavailability of 216.65%, significantly higher than Tax suspensions and unmodified liposomes.
Furthermore, in diabetic GK rats, Tax-Se@LPs resulted in a maximal blood glucose reduction of 46.8% and exhibited a more
sustained therapeutic duration compared to other formulations. Cellular uptake tests manifested that selenization altered the inter-
nalization mechanisms of liposomes while preserving their absorption aptness by intestinal epithelial cells. The physiological and
in vitro stability of Tax-Se@LPs was also reinforced by selenization.

Conclusion: Overall, Tax-Se@LPs not only improve the oral bioavailability of Tax but also enhance its therapeutic efficacy. These
findings underscore the potential of Tax-Se@LPs as a promising therapeutic strategy for DM management.
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Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterized by high incidence and significant health risks that
currently cannot be cured.! According to the latest available data (2020-2024) from International Diabetes Federation (IDF),
the global prevalence of DM continues to escalate, reaching approximately 10.5% among adults aged 20-79 years in 2023.
Traditional treatments, such as oral hypoglycemic drugs and insulin injection, can merely alleviate symptoms and slow disease
progression, failing to reverse tissue and organ damage or prevent complications. These treatments may also lead to potential
side effects and adverse reactions.” Phytomedicines exhibit multifaceted treatment against diabetes with fewer untoward
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effects, presenting new hope for managing this disorder, especially with advances in drug delivery technology.”* Emerging
evidence demonstrates that phytochemicals-laden nanomedicines are promising for DM management.”

Taxifolin (Tax), also known as dihydroquercetin (Figure 1), is a member of the vitamin P family. This prominent
phytomedicine is naturally derived from various plant sources, eg, Siberian larch (Larix sibirica), French maritime pine
(Pinus pinaster), and onions (Allium cepa). Renowned for its potent biological activities and therapeutic potential, Tax has
garnered considerable attention for its role in managing chronic diseases. Its superior structure grants Tax strong antioxidant
properties,® earning it the title of “King of free radicals scavenging”. Numerous studies have demonstrated that Tax exhibits
excellent anti-inflammatory, anti-cancer, anti-dementia, anti-radiation, and hepatoprotective/cardiovascular protective
properties.” In addition, Tax demonstrates significant anti-hyperglycemic activities across various diabetic models,*® able
to enhance insulin sensitivity, improves glucose uptake, and modulates glucose metabolism, making it a promising candidate
for diabetes management. However, its low water solubility and limited bioavailability pose large challenges for practical
application. Thus, there is a strong interest in developing advanced oral delivery systems for Tax to address these issues.

Lipid-based formulations can significantly promote the absorption of lipophilic and poorly permeable compounds.'”
Various lipid-based formulations, such as lipid nanoparticles (SLN and NLC),'" liposomes,'* emulsions,'? biomimetic
nanovesicles,'* and exosomes,'> have been explored for the oral delivery of challenging drugs. Among them, liposomes
stand out as effective nanocarriers that can improve drug absorption and therapy. However, their structural defects often
lead to variable absorption profiles during digestion.'® To this end, several stabilization strategies have been proposed for
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structural optimization of liposomes, including PEGylation, mineralization, coating with polymers,
surface engineering with biomaterials.”>** Mineralizing the lipid bilayer safeguards liposomes from gastrointestinal
digestive degradation and facilitates payload delivery via intact nanovesicles, making it an effective approach for
optimizing liposomal structure and drug delivery. Depositing selenium on liposomes through in situ reduction can be
regarded as a form of mineralization process. The remarkable stability of the selenium layer on liposomes in the
gastrointestinal environment significantly enhances the overall stability of the liposomal system. While a number of

252 selenized lipo-

selenium-functionalized nanocarriers have been reported to ameliorate drug delivery and therapy,
somes have yet to be explored for the oral delivery of Tax for hypoglycemic purposes.

In this study, selenized liposomes (Se@LPs) were developed for the oral delivery of Tax to investigate their
hypoglycemic effect in diabetic models. Tax-loaded Se@LPs (Tax-Se@LPs) were fabricated by a thin-film hydration/
in situ reduction technique and characterized through various formulation indices, drug release, and in vitro/vivo stability.
The oral bioavailability and hypoglycemic effect were evaluated in normal and diabetic rats, while the mechanisms

behind ameliorative absorption and therapeutic efficacy were explored through cell tests.

Materials and Methods

Materials

Taxifolin was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Soybean lecithin with phosphatidylcho-
line over 90% was procured from Alfa Aesar Chemicals Co. Ltd. (Shanghai, China). Cholesterol, Hoechst 33258 and
lipase from the porcine pancreas (>3000 IU/g) were provided by Sinopharm Chemical Reagent Co., Ltd (Shanghai,
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Figure | Chemical structure of taxifolin.
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China). Simulated gastric fluid (SGF) containing pepsin and simulated intestinal fluid (SIF) containing trypsin were
purchased from Coolaber (Beijing, China). Sodium selenite (Na,SeOs) and reduced glutathione (r-GSH) were obtained
from Aladdin Reagent (Shanghai, China). DiO (3,3’-dioctadecyloxacarbocyanine perchlorate) was from Quansu Biotech
Co., Ltd. (Beijing, China). Deionized water used was the product of Wahaha Group (Hangzhou, China). All other
chemicals were of analytical grade and used as received.

Preparation of Tax-Se@LPs

Tax-Se@LPs were prepared by the thin-film hydration/in situ reduction technique.?® Briefly, lecithin, cholesterol, and Tax
were dissolved in a flask with anhydrous ethanol. Afterward, anhydrous ethanol was removed by evaporation under
a reduced pressure at 35°C. The resulting thin lipid film was then hydrated at 55°C against a Na,SeO; solution (1 mg/mL).
After complete hydration, quadruple moles of GSH to Na,SeO; were introduced to trigger the reduction reaction. The
system was maintained at 37°C under agitation at 1,000 rpm. Tax-Se@LPs were obtained upon reaction for 2 h. The
reference preparation of Tax-LPs followed the same procedure of Tax-Se@LPs except the addition of r-GSH. In addition,
DiO-labeled Tax-LPs and Tax-Se@LPs were fabricated for cell test in the same way.

Characterization of Tax-Se@LPs

Tax-Se@LPs were characterized through particle size, { potential, morphology, and entrapment efficacy (EE). All tests
were performed in triplicate in parallel with Tax-LPs as a reference. The particle size and { potential of Tax-Se@LPs
were measured by a particle size/potential analyzer (Zetasizer Nano ZS, Malvern, Worcestershire, UK) after appropriate
dilution with deionized water.*® The samples were equilibrated for 120 s at 25°C and then subjected to laser diffraction or
Doppler velocimetry, respectively, for the output of particle size and { potential.

The morphology of Tax-Se@LPs was visualized with a transmission electron microscopy (TEM, Libra 120, Zeiss,
Oberkochen, Germany). An aliquot of Tax-Se@LPs, diluted by 25 folds with water, was fixed on a carbon-coated copper
grid by dehydration under a warm light lamp. The fixed lipid vesicles were then observed by TEM where typical
photographs were taken at an acceleration voltage of 100 kV.

The EE of Tax-Se@LPs was measured by a reported centrifugal ultrafiltration technique.?’ Briefly, an appropriate
amount of Tax-Se@LPs was first centrifuged at 5,000 rpm for 5 min to remove unwrapped bulk drug. The resulting
nanosuspensions were further proceeded to centrifuge against a centrifugal filter device (Amicon® Ultra-0.5, MWCO
100K, Millipore, USA) to separate free drug from the colloidal solution. The concentration of Tax encapsulated in
liposomes was analyzed by UPLC established below. The EE was defined as the percentage of free drug (Cye) to total
drug (Cy) and calculated according to equation (1) below:

EE(%)=Cje/Ciorx100% (1)

In vitro Release Study

The in vitro release of Tax from Tax-Se@LPs was investigated by the dialysis method using distilled water, 0.1 M HCI,
and pH 6.8 phosphate buffered saline (PBS) as release media.’! To create a sink condition, 0.5% sodium dodecyl sulfate
(SDS) was used in the media to solubilize the drug. Aliquots of Tax-LPs and Tax-Se@LPs equal to 5 mg Tax were
loaded into dialysis bags and placed in 100 mL of release medium. At predetermined time points, 250 puL of sample was
withdrawn from the release medium. The samples were filtered through a filter membrane and then subjected to UPLC
analysis. The accumulative percentage of release was calculated to plot the release profiles.

Tax quantification was performed using an ACQUITY ULPC H-Class system consisting of a quaternary pump, an
autosampler, and a PDA detector (Waters, MA, USA). The samples were separated with a Poroshell HPH-C18 column
(2.6 um, 2.1 x 50 mm, Waters) at 35°C with injection volume of 5 pL. A mobile phase composed of methanol and 0.1%
phosphoric acid solution (65/35) pumped at a flow rate of 0.2 mL/min was employed to elute the samples. The eluates

were monitored at 291 nm.
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Oral Bioavailability

Sprague Dawley (SD) rats were used to investigate the oral pharmacokinetics of Tax-Se@LPs and reference preparations.
Fifteen 6-week-old rats weighing 220 + 20 g were randomly divided into three groups (n = 5), namely Tax suspensions,
Tax@LPs, and Tax-Se@LPs. Before the experiment, the rats were fasted overnight but free access to water. Upon
administration, they were given the corresponding preparations by gavage at a dose of 20 mg/kg equivalent to Tax.>*
Aliquots of blood (~0.25 mL) were collected into the heparinized tubes from the caudal vein at 0.5, 1, 2, 4, 6, 8, 12, 16,
and 24 h after dosing. The protocols for animal study were reviewed and approved by the Experimental Animal Ethical
Committee of Jinan University (Approval No: ITACUC-20240913-03), and the animals were treated as per The Guide for
the Care and Use of Laboratory Animals published by the National Research Council (NRC). The plasmas were prepared
from the blood samples by centrifugation at 5,000 rpm for 5 min. After that, the supernatant plasmas were transferred to
new centrifugal tubes ready for UPLC analysis.

To quantify the drug concentration, we utilized a protein precipitation procedure to retrieve Tax from the plasma.
Briefly, 100 puL of plasma was mixed with 500 puL of methanol followed by a strong vortex for 3 min. The mixture was
centrifuged at 8,000 rpm for 10 min to force phase separation. The supernatants were withdrawn and evaporated into free
solvent using a centrifugal concentrator (Hexi, Changsha, China). The residues were reconstituted in 50 uL of fluid phase
for liquid chromatograph/mass spectrometer (LC/MS) analysis. Tax quantification utilized a quantitative curve spiked
with varying levels of Tax in blank plasma, analyzed using a QTRAP® 4500 LC/MS (AB SCIEX, MA, USA).* Samples
were eluted against a gradient of formic acid (0.1%) in water (mobile phase A) versus acetonitrile (mobile phase B) at
a flow rate of 0.3 mL/min, following this program: 5% B from 0 to 4 min, increasing to 90% B from 4 to 7 min, holding
at 90% B from 7 to 9 min, and returning to 5% B from 9 to 12 min. PKSolver 2.0, an add-in program for
pharmacokinetic analysis, was adopted to process the data and get the pharmacokinetic parameters.

Hypoglycemic Effect

The hypoglycemic effect of Tax-Se@LPs was examined in Goto-Kakizaki (GK) diabetic rats. GK rats weighing 250 + 20
g were randomized into five groups (n = 5). The rats were fasted for 12 h before the experiment but accessible to water
ad libitum. Four groups of rats were orally given saline, Tax suspensions, Tax@LPs, and Tax-Se@LPs, respectively, with
a dose of 30 mg/kg.** The rats in the positive control group were subcutaneously injected with insulin solution (1 TU/kg).
After administration, approximately 250 pL of blood was collected from the caudal vein at preset intervals and
immediately centrifuged at 5,000 g for 5 min to obtain the plasma. The plasma glucose level was immediately measured
using a glucose assay kit (Jiancheng Bioengineering Institute, Nanjing, China). Blood glucose concentration was
calculated by equation (2) below:

As — Ab
Blood glucose(mM) :AZ — x5.05 (2)

where A, Ay, and 4. denote the absorbance of test sample, blank sample, and calibration sample, respectively, and
5.05 is the glucose concentration of the calibration solution.

Cell Uptake/Internalization Assay
The intestinal epithelial absorption of Tax-LPs and Tax-Se@LPs was evaluated in Caco-2 cells by flow cytometry and
confocal laser scanning microscopy (CLSM) imaging. DiO-stained Tax-LPs and Tax-Se@LPs were specially prepared
and used for the observation of cellular uptake and internalization. Tax-LPs and Tax-Se@LPs with fluorescence were
incubated with Caco-2 cells for 1, and 2 h at 37°C at a Tax concentration of 10 pg/mL, respectively. The cells were then
washed twice with a pH 7.4 hBSS and sent to determine the uptake rate on a flow cytometry (FACSCanto, BD, NY,
USA). In addition, the relative cellular uptake of Tax-Se@LPs in the presence of various transport inhibitors was
examined to analyze the cellular trafficking mechanisms.*

To detect the cellular internalization, Caco-2 cells were seeded in a confocal Petri dish balanced with cell culture
medium previously. Cells were grown for 24 h at a density of 5 x 10* cell/mL. The DiO-labeled Tax-LPs and Tax-Se
@LPs were then introduced into the wells with a confocal dish to incubate for 0.5 h. After incubation, the cells were
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washed twice with cold HBSS, fixed in 4% paraformaldehyde for 1 h, and stained with Hoechst 33258. The internalized
nanovesicles by Caco-2 cells were visualized through a LSM800 CLSM (Zeiss, Wetzlar, Germany).

In vitro/vivo Stability

The in vitro stability of Tax-Se@LPs was evaluated by particle size and PDI upon storing in refrigerator at 4°C and
exposure to ambient conditions. The in vivo stability was checked in biorelevant media (SGF and SIF) to simulate the
physiological transport process. The changes in particle size, PDI, and { potential of Tax-LPs and Tax-Se@LPs in
simulated physiological fluids were measured as per the previously reported procedure.?’

Results and Discussion

Preparation and Characterization of Tax-Se@LPs

Tax-Se@LPs were prepared using a combined technique of thin-film hydration followed by ultrasonic homogenization.
The formulation composition and preparation process significantly influence the physicochemical characteristics of
nanovehicles. Critical parameters including particle size and PDI were found to be dependent on several key factors:
the lecithin-to-cholesterol ratio, drug-to-lipid ratio, Na,SeO; concentration upon selenization, and the duration of
ultrasonication treatment. As demonstrated in Figure 2, these formulation variables exhibit substantial impacts on the
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Figure 2 Variables affecting the particle size and polydispersity index (PDI) of Tax-Se@LPs, including the lecithin/cholesterol ratio (A), the drug/lipid ratio (B), Na,SeO3
concentration during selenization (C), and ultrasonication duration upon homogenization (D).
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structural and functional properties of Tax-Se@LPs. The lecithin/cholesterol ratio significantly affected the particle size
and PDI of liposomes. An optimal ratio of 5:1 produced smaller nanovesicles with reduced PDI. Higher cholesterol
levels, due to a high phase-transition temperature, were unfavorable for liposome formation, while a higher drug content
was also detrimental. Therefore, a drug content of 10% was ideal for liposome development. Additionally, the
concentration of Na,SeO; markedly influenced the particle size of Tax-Se@LPs, with significant size increases occurring
at concentrations above 0.5 mg/mL, although PDI remained unchanged, indicating a concentration-dependent selenium
deposition. Of note, the effect of ultrasonication time on the particle size was marginal, and a short ultrasound treatment
could obtain liposomes with narrow particle size distribution. Taken together, the final formulation was composed of
75 mg of lecithin, 15 mg of cholesterol, and 10 mg of Tax, which was hydrated against 20 mL of Na,SeOj; solution
(0.5 mg/mL) and subjected to 1 minute of ultrasonication after hydration.

Tax-Se@LPs, prepared from the screened formulation, had an average particle size of 185.3 nm and a narrow
distribution (PDI = 0.213) (Figure 3A). Se-mineralized liposomes (Tax-Se@LPs) appeared purplish red, unlike the
conventional liposomes (Tax-LPs) (Figure 3B). Both types of liposomes exhibited spherical morphology as presented by
TEM (Figure 3C). However, a higher electron-dense corona was provided with Tax-Se@LPs, indicating Se deposition
onto their surfaces.”*?’ The { potential of Tax-Se@LPs was measured at —28.6 mV, reflecting good colloidal stability due
to an absolute potential over 25 mv.*® The EE of Tax-Se@LPs was up to 95.25%, attributed to the high hydrophobicity of
Tax, which promotes drug supersaturation in the colloidal system for effective oral delivery.

In vitro Release

In vitro release studies can predict the in vivo absorption and transport behaviors of drugs and their carriers. Burst release
may hinder drug absorption due to the risk of drug precipitation.>’ An ideal formulation should enable concurrent
absorption of both free and carrier-encapsulated drugs with an optimal release profile. Figure 4 illustrates the release of
Tax from Tax-LPs and Tax-Se@LPs over time across different media. Tax-Se@LPs exhibited slower release rates, with
cumulative release percentages at 12 h being 46.54% in 0.1 M HCI, 55.67% in water, and 52.73% in pH 6.8 PBS.
However, there was a significant difference in release between Tax-LPs and Tax-Se@LPs across all media, attributed to
the deposition of Se on the liposome surface, which retarded drug release as a sustained coating.*® Sustained release
lowers the risk of supersaturated precipitation of burst-released free drug while promoting absorption through a carrier-
mediated cotransport mechanism.’

The modality of drug in the gastrointestinal transport process significantly influences its absorption.’” A small
quantity of drug released from its preparation allows for immediate absorption at the absorptive epithelium, while
a larger amount retained in the formulation can sustain drug release, providing a long-acting therapeutic effect. The
release media of 0.1 M HCI, pH 6.8 PBS, and deionized water represent the commonly encountered conditions of drug
and formulation transport after oral administration. In contrast, Tax-Se@LPs release the drug more slowly than Tax-LPs,
regardless of the release medium. This attribute of drug release for Tax-Se@LPs promises ameliorable drug absorption.

Enhanced Oral Bioavailability
The pharmacokinetic profiles of Tax suspensions, Tax-LPs, and Tax-Se@LPs in rats following oral gavage are shown in
Figure 5, with key parameters from a one-compartment model listed in Table 1. As presented in Figure 5, the plasma Tax
concentrations for the liposomal groups were significantly higher than those for the Tax suspensions at all time points.
The maximal concentration (C,,,,) for Tax suspensions was 0.489 pg/mL, while it reached 0.608 pg/mL for Tax-LPs and
0.599 pg/mL for Tax-Se@LPs. This indicates that nanometerization promotes the oral absorption of Tax compared to
conventional suspensions. Additionally, the peak time (7},.x) and half-life (7} ,,) of Tax were prolonged, likely due to the
sustained release from liposomal preparations, which delays Tax metabolism after entering the circulation. The relative
bioavailability of Tax-Se@LPs was calculated to be 216.65% compared with Tax suspensions, whereas it was merely
137.23% for Tax-LPs. Selenization reinforced the structural strength of liposomes, thus increasing the in vivo residence
time due to enhanced stability.

Overall, plasma drug concentrations in rats were low due to the oxidation susceptibility of Tax,** with all formula-
tions not exceeding 1pug/mL. These findings align with Lakeev’s study.*' Another report indicated that Tax was easily
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Figure 3 Particle size distribution (A), appearance (B), and micromorphology (C) of Tax-LPs and Tax-Se@LPs. The arrow denotes an increased electron-dense Corona as
a result of selenization.

absorbed by the gastrointestinal tract, even in suspension form, and could be quickly eliminated from the body. Repeated
Tax administration did not cause accumulation but affected the enzymatic system.*> More research on the pharmacoki-
netics of Tax, particularly regarding its nanomedicine applications, is limited. In our study, we first nanometerized Tax
into liposomes for oral deliver to treat diabetes. The liposomal Tax, especially selenized liposomes, significantly
extended its in vivo residence time, allowing Tax to exert its pharmacological effects effectively and placidly. The
enhanced blood drug exposure and bioavailability of liposomal Tax surpass those of conventional formulations. This
pharmacokinetic feature guarantees a desirable pharmacological effect during treatment.
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Figure 5 Blood drug concentration versus time profiles of Tax suspensions, Tax-LPs and Tax-Se@LPs in rats after oral administration.

Ameliorative Hypoglycemic Effect
The hypoglycemic effect of Tax-Se@LPs was compared to reference preparations. As shown in Figure 6, all GK rats kept up
blood glucose concentrations above 12 mm before treatment, confirming their diabetic status. After administration, all

Table | Main Pharmacokinetic Parameters of Tax Observed in Rats
After Oral Administration of Tax Suspensions, Tax-LPs and Tax-Se@LPs

Parameters Tax Suspensions | Tax-LPs Tax-Se@LPs
Crnax (ng/mL) 0.514 £ 0.105 0.592 + 0.088* | 0.58] = 0.161*
Trmax () 1.200 + 0.174 1.766 + 0.213* | 1.68] + 0.315*
Tina (h) 6.584 + 0.632 7.578 £ 0.352% | 13.114 £ 0.521**
AUCy.o (g h/mL) | 5.544 + 0.343 7.608 £ 0.287* | 12.011 £ 0.359**
RBA / 137.23% 216.65%

Notes: One-way ANOVA, *p < 0.05, **p < 0.0 compared with Tax suspensions.
Abbreviations: AUC, area under blood drug concentration—time curve; RBA, relative
bioavailability.
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Figure 6 Curves of blood glucose concentration versus time following administration of saline, insulin (subcutaneous, s.c.), Tax suspensions, Tax-LPs and Tax-Se@LPs.

experimental rats experienced a decrease in blood glucose, though the extent varied among groups. Thereinto, the saline group
exhibited only a slight decrease, primarily due to deprived food intake leading to natural glucose consumption. In contrast, the
drug treatment groups showed significant reductions in blood glucose. Insulin injections (s.c.) resulted in a rapid decrease in
blood glucose, but it rebounded quickly after 2 hours, indicating that while insulin has a strong hypoglycemic activity, it is not
sustainable and may pose a risk of hypoglycemia.*> Conversely, the hypoglycemic effects of Tax formulations were mild yet
sustained. Tax suspensions also contributed to blood glucose reduction, attributed to its hypoglycemic and antioxidant

properties, ***3

which alleviate oxidative stress in diabetic rats and enhance glucose consumption. The hypoglycemic effects
of liposomal Tax were more pronounced and sustainable, maintaining blood glucose levels closer to physiological ranges for
longer periods, thus reducing the risk of hypoglycemia and offering advantages in diabetes management. Compared with Tax-
LPs, Tax-Se@LPs demonstrated even more significant hypoglycemic effects, due to the selenization of liposomes. Selenium,
particularly in nano form, has inherent hypoglycemic properties.’****” As combined with Tax, it produces a synergistic
sensitization that ameliorates Tax’s therapeutic efficacy.

GK rat is an early model of non-obese type 2 DM (T2DM).*® These rats were inbred from Wistar rats without obesity
but with insulin resistance after several generations of inbreeding. The metabolic and diabetic parameters of GK rats
closely resemble those of human T2DM. Their blood glucose stability surpasses that of alloxan- and streptozotocin-
induced diabetic rats. Consequently, GK rats are a widely used experimental model for T2DM. Additionally, GK rats
exhibit reduced fasting blood glucose, with a more significant decrease observed when drug therapy is applied, allowing
for the differentiation of pharmacodynamic effects among various formulations. Tax has been shown to regulate blood
glucose by inhibiting a-glycosidase, a-amylase, and pancreatic lipase that reduces carbohydrates and lipid
metabolism.*>® In addition, Tax has a protective effect on the pancreas and liver through its antioxidant effects,
which help alleviate insulin resistance.** These mechanisms contribute to Tax’s effectiveness against diabetes. The
hypoglycemic activity of Tax and its derivatives has been confirmed through in vitro and in vivo studies.®* However, the
hypoglycemic effects were not remarkable due to the use of free or crude Tax, which has poor water solubility that limits
its bioavailability. Our study first nanometerized Tax into liposomes followed by functionalization with selenium. This
approach addresses the solubility and absorption issues of Tax while enhancing its therapeutic effect.

Cellular Uptake and Internalization Mechanisms

The cellular uptake of nanocarriers is typically assessed on enterocytes in vitro to predict in vivo absorption. Figure 7A
shows the flow cytometric events of cellular uptake in Caco-2 cells for Tax-LPs and Tax-Se@LPs. Both nanocarriers
demonstrated time-dependent cellular uptake. After 2 hours of incubation, the percentages of DiO-labeled Tax-LPs and

International Journal of Nanomedicine 2025:20 hetps: 2233



Qi et al

A DiO-A- DiO-A+ DiO-A- DiO-A+ | DIO-A- DiO-A+
21.6 78.4 12.0 88.0
7] 120
R
ql E ! g
% g = 100
=
m’ _— m‘ m! »|G’ o m’ oA 10 ‘mﬁ
DiO-A- DiO-A+ DiO-A- DiO-A+ =7 DiO-A- DiO-A+
29.9 70.1 18.8 81.2 10.6 89.4
172} 160
ml < 100 <
»”
s :
10" m’ o m3 o o° 155
B 100 =3 Tax-LPs B Tax-Se@LPs C 1004 *
Q
=
z 80
) -1 ~
= x 80
] — S
(5] N
- 3
> -5
Z 60 £
g o0 5 o1
= S
= =
: =
S 404 8 404
£ o
g 2
= 5
[ —
£ g 20
b 20
)
&~
0 0-
> & ¢ s © oC
0.5 1 2 0‘;6 \o"o & 5 N Q&Q
Time (h) © & ea‘"& &
&
&Q

Figure 7 Cellular uptake of Tax-LPs and Tax-Se@LPs in Caco-2 cells assayed by flow cytometry: (A) the counts of positive cells stained by DiO-labeled nanovesicles; (B)
statistical histograms of cellular uptake; and (C) relative cellular uptake in the presence of transport inhibitors or under 4°C. Paired t-test, ** P <0.01, * P <0.05, significantly
different between two groups.

Tax-Se@LPs in positive cells were 88.0% and 89.4%, respectively (Figure 7B). Notably, the uptake of Tax-Se@LPs was
slightly faster than that of Tax-LPs,””-*! likely due to enhancive nonspecific phagocytosis, as selenized particulates tend
to converge to the cell surface due to their higher density and lower net charge.”** Overall, the uptake trends for both
nanovesicles are parallel, and selenization does not affect the transmembrane transport of vesicles. Nevertheless, Tax-LPs
and Tax-Se@LPs shared different cellular trafficking mechanisms as shown in Figure 7C. The uptake rate of Tax-LPs
was significantly reduced by hypertonic sucrose and simvastatin, both non-specific endocytosis inhibitors linked to
clathrin and caveolin, as well as by Filipin, a specific caveolin-mediated endocytosis inhibitor. These findings indicate
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that conventional liposomes can be efficiently internalized in Caco-2 cells through multiple pathways, highlighting their
potential as oral drug delivery vehicles. In contrast, the uptake of Tax-Se@LPs was only moderately affected by
hypertonic sucrose, simvastatin, and Filipin, suggesting a different uptake mechanism. While nonspecific clathrin- and
caveolin-mediated endocytosis primarily drive the uptake of Tax-LPs, Tax-Se@LPs rely on nonspecific clathrin-mediated
endocytosis and caveolin-mediated endocytosis. This reveals that selenization alters the cellular uptake mechanisms of
liposomes. In addition, both nanocarriers’ uptake was strikingly inhibited at 4°C, as cytosis (membrane transport) is
energy-dependent under 4°C. As known, the process of cytosis (membrane mobile transport) is energy-dependent.>* The
reduced cellular uptake at low temperatures indicates that nanovesicles are internalized mainly via cytosis rather than
passive transport, though other transport patterns, including transporter-mediated uptake, cannot be excluded. Although
the specific transporters responsible for the transport of Tax-Se@LPs remain unidentified, the active transport mode of
Tax-Se@LPs facilitates their better absorption by the intestinal epithelia.

The cell affinity of nanocarriers, such as liposomes and lipid nanoparticles, can indeed be assessed through cellular
internalization using CLSM imaging. Our study observed that after co-incubation for 0.5 hours, both types of nanove-
sicles exhibited noticeable fluorescence, with Tax-Se@LPs demonstrating a slightly higher fluorescence intensity
compared to Tri-LPs (Figure 8). This observation aligns with the finding related to cellular uptake at 0.5 h, suggesting
that selenized liposomes are more readily internalized by the absorptive cells, potentially enhancing their oral bioavail-
ability. Moreover, CLSM images indicated that the fluorescence associated with the nanovesicles was distributed
throughout the cell rather than being confined to the cytoplasm. This distribution may be attributed to the reinforced
stability of selenized liposomes, which helps facilitate their escape from lysosomes.”> As a result, this enables the
translocation of nanomedicine from the apical membrane of the intestinal epithelium to the basolateral side, thereby
improving overall absorption through integral nanovesicles. This mechanism is critical for enhancing the bioavailability
and therapeutic efficacy of the delivered phytomedicine.

Hoechest

Tax-LPs

Tax-Se@LPs

Figure 8 Cellular internalization of Tax-LPs and Tax-Se@LPs observed by confocal laser scanning microscopy (CLSM).
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Figure 9 In vitro stability of Tax-Se@LPs assessed through particle size and polydispersity (PDI) during storing at 4°C and ambient conditions.

Reinforced in vitro/vivo Stability via Selenization

Changes in particle size and PDI reflect the in vitro stability of nanovehicles during storage. Figure 9 shows the
evolutions of these parameters for Tax-Se@LPs. Both particle size and PDI exhibited only marginal changes at 4°C
and ambient conditions over time; however, the PDI increased slightly yet remained below 0.3. This minor increase
indicates some particle aggregation within the colloidal system, a common phenomenon in thermodynamically unstable
systems.’®” Overall, Tax-Se@LPs demonstrate kinetic stability; nonetheless, lyophilization is required for this nano-
medicine to facilitate the bench-to-clinic translation in the future.

The changes in particle size, PDI, and { potential of Tax-LPs and Tax-Se@LPs in various biorelevant media over time are
shown in Figure 10. In deionized water, both formulations exhibited minimal changes in these stability indicators over 8 hours,
indicating their physical stability. In the medium of SGF, both Tax-LPs and Tax-Se@LPs exhibited an increase in particle size
and PDI over time, with a significant in { potential, especially for Tax-LPs. Tax-LPs became positively charged, while Tax-Se
@LPs’ { potential transitioned from negative to positive. The lower pH and higher ionic strength of SGF likely reversed the
surface charge of Tax-LPs, as hydrogen ions interacted with the negative surface, resulting in their protonation. This
protonation reduced the absolute surface potential,”®> hence the increase of PDI, due to potential particle aggregation. Tax-
LPs showed greater variability in particle size compared to Tax-Se@LPs in SGF, manifesting that the selenized nanovesicles
were more stable in SIF, Tax-LPs also experienced an increase in particle size and PDI alongside a slight decrease in the
absolute potential, indicating partial protonation, though this effect was less pronounced due to a higher pH. Conversely, the
protonation effect on Tax-Se@LPs in SIF was marginal. Overall, Tax-Se@LPs demonstrated high gastrointestinal stability,
attributed to the surface selenization that enhances the structural stability of nanovesicles.

Conclusions

Diabetes mellitus poses significant health risks and presents complex treatment challenges. This work explores the preparation
and characteristics of taxifolin-loaded selenized liposomes (Tax-Se@LPs) in a diabetic model. Through film hydration and
in situ reduction techniques, we optimized formulation parameters such as the phospholipid/cholesterol and drug/lipid ratios,
resulting in stable nanoliposomes. In vitro release experiments revealed a delayed drug release rate for Tax-Se@LPs, which
helps ameliorate oral bioavailability. Pharmacokinetic studies showed a significant enhancement in the relative bioavailability
in terms of Tax-Se@LPs in rats, reaching 216.65%. Furthermore, Tax-Se@LPs exhibited a prolonged hypoglycemic effect in
the GK rat model, outperforming other formulations. Their cellular uptake mechanism differed from conventional liposomes
while maintaining similar internalization capacity. In addition, Tax-Se@LPs exhibited favorable stability during storage,
suggesting potential for diabetes management. It is important to acknowledge the inherent limitations of the GK diabetic
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Figure 10 In vivo stability of Tax-LPs and Tax-Se@LPs tested in various biorelevant media over time through particle size (A), PDI (B), and { potential (C). Paired t-test,
#P <0.01, *P <0.05, significantly different compared to the initial time point (0 h) for Tax-LPs; **P <0.01, #P <0.05, significantly different compared to the initial time point

(0 h) for Tax-Se@LPs.
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model. To enhance the clinical relevance and translational value of future research, it would be advantageous to employ animal
models that more accurately replicate the pathophysiological progression and clinical manifestations of human diabetes.
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