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evaluation of lactoferrin-modified
curcumin long-circulating nanoliposomes for
hypoxic brain injury therapy

Yu Xue,a Jinjie Liu,b Faisal Raza, c Hajra Zafar,c Hong Zhao,d Ran Lie

and Zanhua Liu *f

Nanoformulations of curcumin (Cur) are advanced but still have shortcomings in terms of fast in vivo

elimination, inefficient delivery and biodistribution of drugs to target sites. Herein, Cur liposomes (Cur-L),

Cur long-circulating liposomes (Cur-LCL), and lactoferrin (Lf)-modified Cur long-circulating liposomes

(Lf-Cur-LCL) were prepared using ethanol injection before application in hypoxic brain injury.

Hematoxylin-eosin (HE)-stained pathological sections of the brain, liver, and spleen were examined to

assess the extent of tissue damage and efficacy of treatments. Additionally, immunohistochemical

staining of brain tissue was performed to assess the expression of key biomarkers involved in apoptosis.

The prepared Cur-L, Cur-LCL and Lf-Cur-LCL displayed smaller particle sizes, good polymer-dispersity

index, and stability over one week. The in vitro release behavior of Cur-L, Cur-LCL, and Lf-Cur-LCL was

significantly better than that of Cur, with Cur-LCL and Lf-Cur-LCL showing better sustained release

effects. Also, Cur-L, Cur-LCL, and Lf-Cur-LCL significantly prolonged the retention time of Cur in vivo

with Lf-Cur-LCL significantly increasing Cur content in brain tissues. Furthermore, Cur-L, Cur-LCL, and

Lf-Cur-LCL increased the partial pressure of oxygen and decreased the partial pressure of carbon

dioxide in chronic intermittent hypoxia model mice. These formulations also elevated levels of

superoxide dismutase and reduced malondialdehyde levels in the model group. Furthermore, they also

demonstrated a reparative effect on liver, brain, and spleen damage induced by the model, with Lf-Cur-

LCL showing the most significant therapeutic effect. In conclusion, the prepared Lf-Cur-LCL exhibited

brain-targeting properties and showed considerable potential for treating brain diseases, thus providing

theoretical support for clinical development and application of curcumin.
1 Introduction

Obstructive sleep apnea-hypopnea syndrome (OSAHS) is
a common chronic condition in otorhinolaryngology1 with
roughly one billion individuals affected globally.2,3 Its primary
pathophysiological mechanism is chronic intermittent hypoxia
(CIH), which is characterized by partial or complete collapse of
the upper airway during sleep, leading to reduced oxygen levels,
apneic events, or hypopnea.4 This results in transient airway
reopening, followed by hyperventilation and normalization of
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blood oxygen saturation, but the individual can experience
repeated airway obstruction and hypoxia upon reentry into
sleep. This cyclical hypoxia-reoxygenation process resembles
the ischemia-reperfusion injury mechanism and signicantly
impacts human health.5

OSA is an independent risk factor for numerous diseases,
particularly those that affect the cardiovascular system.6 The
main pathological change in OSA involves a cytokine response,
with research indicating that OSA-associated chronic hypoxia
activates reactive oxygen species (ROS), triggering pathways like
nuclear factor-kappa B (NF-kB) and hypoxia inducible factor 1-
alpha (HIF-1a), which can induce various diseases.7 In partic-
ular, Diaz and colleagues discovered a strong association
between severity of OSA and activation of NOD-like receptor
protein 3 (NLRP3) with concomitant release of tissue factors,
interleukin (IL)-1 beta and IL-18.8 In terms of posing health
risks, OSA has been found to cause damage to the brain and
lung tissues.

Current clinical approaches include weight loss, smoking
cessation, positional therapy, and surgical interventions. As the
standard treatment strategy for OSA, continuous positive airway
Nanoscale Adv., 2026, 8, 207–223 | 207
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View Article Online
pressure (CPAP) is considered for potential reduction of oxida-
tive stress and inammation in OSA individuals.9 However,
CPAP is limited by inability to completely relieve OSA patients
from recurrent hypoxic induced systemic inammation and
oxidative stress.9 In an attempt to address this challenge, recent
research has focused on identifying therapeutic agents from
natural products, especially those that can modulate the path-
ways of inammation and attenuate oxidative stress. Recent
systematic review has revealed the potential of Chinese herbal
medicine to improve symptoms of OSA and its comorbidities.10

More specically, Badria and colleagues suggested that lignans,
isoavones and cinnamic acid derivatives demonstrated the
potential to effectively manage OSA.11

Curcumin (Cur), a polyphenolic compound is extracted from
turmeric rhizomes, and has been found to exhibit anti-
inammatory, antioxidant, and anti-tumor activities.7 It has
shown potential in correcting metabolic disorders, providing
neuroprotection, and alleviating depression.12 In high-altitude
regions, the harmful effects of low pressure and hypoxia on
OSA necessitate the exploration of effective protective measures.
Recent studies suggest that Cur has signicant clinical potential
in this context.13 For example, Moulin and colleagues discov-
ered that Cur could prevent myocardial injury induced by CIH,14

which is a distinctive characteristic of OSA. Besides, Wang and
co-workers showed that Cur demonstrated neuroprotective
effects by ameliorating brain injury that was induced by CIH-
related OSA through regulation of AQP4 by the p38-mitogen-
activated protein kinase (MAPK) pathway.15 Furthermore, Cur
could prevent structural changes in and loss of neurons in the
chronic sleep deprivation rat model.16 The ndings of these
studies suggest that Cur may potentially treat OSA through
mitigation of inammation and oxidative stress.

Despite the extensive research on Cur, a critical gap remains
in the development of formulations designed for brain-targeted
therapies, particularly in overcoming the blood–brain barrier
(BBB). While various Cur formulations, such as nanoemulsions
and liposomes, have been developed to improve bioavailability
of the polyphenol, they still face signicant limitations in
effectively delivering Cur to the brain. The primary challenge is
Cur's inherent low solubility, which not only reduces its
bioavailability but also hinders its ability to cross the BBB effi-
ciently. As a result, even advanced formulations have struggled
to achieve therapeutic levels of Cur in brain tissues. This limi-
tation remains a major barrier to utilizing Cur for treating
brain-related disorders such as OSA-induced brain injury.
Therefore, there is a pressing need for more effective drug
delivery systems capable of facilitating Cur's passage through
the BBB and ensuring it reaches therapeutic concentrations in
the brain.

To address these limitations, our research focused on
developing Lf-Cur-LCL that could enhance Cur's ability to cross
the BBB and target the brain. Although various nano-
formulations of Cur, including nanoemulsions,17 liposome
nanoparticles,18 solid lipid dispersions,19 nanoconjugates,20

carbon dots,21 nanobers,22 hydrogels,23 carbon nanotubes,24

cyclodextrin-based nanocarriers, marinosomes long-circulating
liposomes25–27 and polymeric micelles28 have been explored,
208 | Nanoscale Adv., 2026, 8, 207–223
they still lack effective applications for treating OSA-induced
brain injury. While these formulations have been used for
various purposes, they continue to face issues such as rapid in
vivo elimination, inefficient drug delivery, and poor bi-
odistribution to target sites. More critically for the treatment of
brain injuries, most of these systems lack an active targeting
mechanism to efficiently cross the intact BBB. Therefore, the
proposed Lf-Cur-LCL formulation represents a signicant step
forward, offering a promising solution for improving Cur
delivery to the brain and providing potential therapeutic effects
for OSA-induced brain injury. Liposomal formulations are
a widely investigated drug delivery system, prized for their
ability to encapsulate both hydrophilic and hydrophobic drugs,
such as Cur, thereby enhancing solubility and stability.29

Conventional liposomes, however, are rapidly recognized and
cleared by the reticuloendothelial system (RES), primarily in the
liver and spleen, which drastically limits their circulation time
and therapeutic potential.30 The emergence of “nanoliposomes”
represents a signicant advancement to overcome this limita-
tion. While all liposomes are by denition colloidal particles,
the term “nanoliposome” specically emphasizes vesicles that
are engineered at the nanoscale. A cornerstone of their design is
the precise control over particle size (PS). For systemic admin-
istration and effective passive targeting to diseased sites (e.g.,
tumors or inamed tissues), the optimal PS is widely acknowl-
edged to fall within the range of approximately 100 to 200
nanometers.31 This critical size range enables nanoliposomes to
evade rapid clearance by the RES, thereby achieving a prolonged
circulation half-life, while also facilitating their extravasation
and accumulation through the enhanced permeability and
retention (EPR) effect.32

A key strategy to further enhance circulation and introduce
targeting capability involves surface functionalization, such as
coating with hydrophilic polymers like polyethylene glycol
(PEG) to create “stealth” long-circulating nanoliposomes.33

However, long-circulating liposomes have a challenge regarding
their inability to enter the brain via crossing of the BBB.34

Available studies have indicated that PEGylated liposomes were
able to cross the BBB through an EPR effect only when the
barrier was opened via traumatic brain injury. The BBB is
a complex, multidimensional barrier system comprising brain
microvascular endothelial cells, pericytes, astrocytes, and
various neurons. It isolates the central nervous system from
systemic circulation, preventing toxin and pathogen entry while
limiting therapeutic molecule absorption. Many biological
BBBs express Lf receptors, facilitating unidirectional Lf-
mediated transcytosis into the brain.35 Based on this reason,
surface functionalized PEGylated liposomes have been modi-
ed with ligands to cross the BBB. As a multifunctional glyco-
protein, Lf has been used to modify the surface of various
nanoparticles, because within the endothelial cells of brain
capillaries, it can cross the BBB via transcytosis processes.36 Its
well-documented roles as a natural therapeutic agent, drug
nanocarrier, and targeting ligand further establish it as an ideal
candidate for brain-targeted delivery systems.37 The Lf-modied
PEGylated liposomes have been used for various applications.38

For instance, studies have consistently demonstrated the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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technical feasibility of fabricating Lf-modied (PEGylated)
liposomes, conrming their stability and efficacy in cellular
uptake and targeted drug delivery.39 De Luca and colleagues
developed long-circulating liposomes and modied their
surfaces with Lf and antitransferrin, wherein the liposomes
enhanced targeting of senktide (a peptide) to the brain.40 Also,
Wu and co-workers prepared transferrin-modied etomidate-
loaded liposomes which increased the general anesthetic
effect of the drug through increased brain targeting.41 Besides,
Yang and co-experimenters fabricated Ce/Zr-MOF@Cur-Lf
nanoparticles that increased delivery of the polyphenol across
the BBB and targeted the brain.42 This study therefore aims to
develop Lf-Cur-LCL that synergistically address the key limita-
tions of Cur, namely its inherent poor solubility, the rapid
systemic clearance of conventional formulations, and most
importantly, the lack of efficient brain-targeting capabilities.
We hypothesize that this integrated strategy will signicantly
enhance the delivery and therapeutic efficacy of Cur for the
treatment of cerebral injuries induced by CIH.
2 Materials and methods
2.1 Materials and reagents

Cur, desmethoxycurcumin (DMC, internal standard IS), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and N-
hydroxysuccinimide (NHS) were purchased from Shanghai
Macklin Biochemical Co., Ltd. Soybean lecithin, cholesterol,
PEG2000-DSPE + PEG2000-DSPE-COOH, dialysis bags and
Sephadex G-50 were obtained from Shanghai Yuanye Bio-
Technology Co., Ltd. Phosphoric acid was purchased from
Titan Technology Co., Ltd. (Shanghai). Diethyl ether, ethanol,
methanol, acetic acid, acetonitrile, and hydrochloric acid were
obtained from Sinopharm Chemical Reagent Co., Ltd. Ethyl
carbamate was purchased from Sigma-Aldrich. DMEM/F12
medium was provided by Thermo Fisher Scientic. Shanghai
Yimiao Chemical Technology Co., Ltd supplied 1% Triton X-
100. The HE staining kit was purchased from Beijing Solarbio
Science and Technology Co., Ltd. Superoxide dismutase (SOD)
and malondialdehyde (MDA) assay kits were obtained from
Shanghai Yubo Biotechnology Co., Ltd.

Regarding the experimental animals that were used for this
study, Sprague Dawley (SD) rats (male, 200 ± 10 g) and C57BL/6
male mice (20 ± 2 g) were supplied by the Jiangsu University
Institute for Animal Care and Use Committee. The same
committee approved the protocol (Approval number: UJS-
IACUC-2023052402) of this study, which was performed in
accordance with the National Research Council Guide for the
Care and Use of Laboratory Animals.
2.2 Preparation of Lf-modied Cur-LCL

Liposomes were prepared using the ethanol injection method.43

Cur (18.0 mg), soybean lecithin (180.0 mg), cholesterol (18.0
mg), and PEG2000-DSPE + PEG2000-DSPE-COOH (8.0 mg + 2.0
mg) were accurately weighed and dissolved in 5.0mL of ethanol,
which acted as the organic phase. Phosphate buffer solution
(PBS, pH 6.5) was used as the aqueous phase. Under a stirring
© 2026 The Author(s). Published by the Royal Society of Chemistry
speed of 1200 revolutions minute−1, the organic phase was
uniformly and slowly dropped into the aqueous phase and
maintained at 50 °C. Aerward, the mixture was continuously
stirred for 2 hours to evaporate the organic solvent to obtain
Cur-LCL. Using the same method, but without addition of
PEG2000-DSPE + PEG2000-DSPE-COOH, we prepared conven-
tional Cur liposomes (Cur-L) for comparison.

1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) (EDC: NHS: DSPE-PEG-COOH =

10 : 10 : 1, mol mol−1 mol−1) were added to the Cur-LCL and
stirred at room temperature for 10 minutes. Aerward, Lf (Lf:
DSPE-PEG-COOH = 1 : 4, mol mol−1) was added and incubated
in a 37 °C water bath for 3 hours. Unreacted EDC, NHS, and low
molecular weight by-products were removed using a dialysis bag
with a cutoffmolecular weight of 10 kDa. Subsequently, dextran
gel chromatography (Sephadex G-50) was employed to eliminate
free Cur and Lf, resulting in the purication of Lf-Cur-LCL.

2.3 High-performance liquid chromatography (HPLC)
detection method

In terms of detection of Cur with HPLC, we performed this
analysis in house using an LC-20AD system (Shimadzu, Japan)
equipped with a Symmetry C18 column (5 mm, 4.6 mm × 250
mm; Merck KGaA, Germany) maintained at 30 °C. The mobile
phase comprised acetonitrile and 4% glacial acetic acid solu-
tion (48 : 52, v/v) at a ow rate of 1.0 mL minute−1, with detec-
tion carried out at 430 nm and an injection volume of 20 mL.
Standard Cur solutions (0.01–100 mg mL−1) were prepared in
chromatography-grade methanol and injected in triplicate to
construct the calibration curve by plotting the peak area (Y)
against Cur concentration (X). For plasma sample preparation,
blood (0.5 mL) was collected from the rat orbital venous plexus
and incubated at 37 °C for 20 minutes, followed by centrifuga-
tion at 3700 revolutions minute−1 for 10 minutes to obtain
plasma, which was stored at −80 °C until use. Aliquots of
plasma (200 mL) were transferred into 1.5 mL EP tubes con-
taining anticoagulant and ascorbic acid, followed by the addi-
tion of 40 mL demethoxycurcumin (DMC, internal standard) and
Cur solutions of different concentrations (0.05–20 mg mL−1).
Extraction was carried out twice with aliquot (600 mL) of cold
diethyl ether by vortexing for 1 minute and centrifuging at 10
000 revolutions minute−1 for 5 minutes at 4 °C. The combined
ether layers were evaporated to dryness under a gentle stream of
nitrogen at 37 °C, and the residue was reconstituted in aliquot
(200 mL) of cold methanol, vortexed, and centrifuged at 10 000
revolutions minute−1 for 10 minutes. The resulting supernatant
was injected into the HPLC system for analysis. The ratio of Cur
to IS peak areas (Y) was plotted against the corresponding Cur
concentrations (X) to generate the in vivo calibration curve, with
the regression equation Y = 0.0408X − 0.0048 (R2 = 0.9977)
used for quantication.

2.4 Liposomal characterization

2.4.1 PS and zeta potential (ZP). Appropriate amounts of
Cur-L, Cur-LCL, and Lf-Cur-LCL solutions were placed in
a cuvette. The PS distribution and ZP of these solutions were
Nanoscale Adv., 2026, 8, 207–223 | 209
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measured at room temperature using a Brookhaven 90 Plus
Particle Size Analyzer and PALS instrument as described in
previous work.44

2.4.2 Morphology observation. Cur-L, Cur-LCL, and Lf-Cur-
LCL were diluted to approximately 100 mg mL−1 using double-
distilled water. A drop of each diluted solution was placed on
a copper grid and stained with 2% phosphotungstic acid. The
morphology of the samples was then examined using TEM.

2.4.3 Encapsulation efficiency (EE) and drug loading (DL).
The EE of the liposomes was determined using dextran gel
chromatography.45 A chromatography column was packed with
50 g of Sephadex G-50 and equilibrated with water. Then, 1 mL
of the prepared micelles (1 mg mL−1) was carefully added to the
top of the column and eluted with puried water. The eluate
was collected in fractions of 10 mL each and analyzed with
HPLC to determine the Cur content that was encapsulated in
the nanoliposomes. Once Cur was no longer detectable in the
puried water eluate, the elution was switched to 0.2% sodium
chloride solution to detect the unencapsulated Cur.

The DL was determined by taking the 1 mg mL−1 formula-
tion, ltering it through a 0.22 mm organic membrane before
analysis via the HPLC method.

EEð%Þ ¼ Wencapsulated

Wencapsulated þWunencapsulated

� 100% (1)

DLð%Þ ¼ Wencapsulated

M
� 100% (2)

The amount of Cur encapsulated into liposomes and unen-
capsulated Cur was respectively denoted as Wencapsulated and
Wunencapsulated, whilst the total amount of liposomes was
denoted as M.

2.4.4 Storage stability. The prepared Cur-L, Cur-LCL, and
Lf-Cur-LCL were stored in sealed containers at room tempera-
ture (25 °C) and 4 °C for one week. Samples were taken on days
0, 3, and 7 to observe the appearance and measure the PS
distribution, PDI and ZP.

2.4.5 In vitro release study. The in vitro release behavior of
Cur, Cur-L, Cur-LCL, and Lf-Cur-LCL was investigated using the
dialysis method in in three different buffer solutions of pH 1.2,
pH 6.8, and pH 7.4. Raw drug (1 mg, dissolved in a small
amount of methanol) and formulations (1 mg, dissolved in
1 mL of puried water) were placed in dialysis bags (MW= 3500
Da). Aer we have securely tied both ends of the dialysis bags,
they were placed in 100 mL of release medium in an Erlenmeyer
ask and shaken in an incubator shaker (37 °C, 100 revolutions
minute−1). Samples of 1 mL were taken out at 5, 15, 30, 45, 60,
90, 120, 180, 240, 360, 480, 600, 720, 1440, 2160, and 2880
minutes using a pipette. Each time the sample was taken, 1 mL
of fresh release medium was added back. The collected samples
were diluted with methanol and analyzed using the previously
described HPLC method.

2.5 Cellular uptake study

PC12 neural cells were selected for the liposomal cellular uptake
experiment in vitro as stated in previous work.46 The cells were
210 | Nanoscale Adv., 2026, 8, 207–223
seeded at a density of 1× 105 cells mL−1, and cultured at 0.1 mL
per well for 24 hours. The cells were then incubated with
complete medium containing 10 mg mL−1 of Cur-L, Cur-LCL, Lf-
Cur-LCL and Lf-Cur-LCL + Lf treatment. The blank control
group was incubated with complete medium. For the Lf-Cur-
LCL + Lf treatment group, the cells were rst treated with Lf
for a certain period to allow the Lf to interact with the cells. Aer
that, the cells were treated with the Lf-Cur-LCL formulation.

Aer incubation, the cells were treated at 37 °C for 4, 12, and
24 hours, and then washed three times with cold PBS, 5 minutes
each time. To allow the dosage forms to permeabilize and
access the interior of the cells, we treated the cells with 1%
Triton X-100 for 45 min. The cells were then stained with
Hoechst 33342 for 10 minutes at room temperature to visualize
the nuclei. Aerward, the cells were washed again with PBS. The
cellular uptake of the liposomes was observed using a uores-
cence microscope. Hoechst-stained nuclei were visible under
blue uorescence (excitation at 350 nm and emission at 461
nm), and the uorescence of the drug was detected through the
appropriate channels. Images were captured at 4, 12, and 24
hours.

2.6 Quantitative analysis by ow cytometry

The uptake of various curcumin formulations by PC12 cells was
quantitatively analyzed using ow cytometry. Cells were treated
with the different formulations for 4, 12, and 24 hours. Aer
incubation, they were washed thoroughly with PBS, detached,
and resuspended as a single-cell suspension. The intrinsic
uorescence of intracellular curcumin was measured directly
using a BD FACSCalibur ow cytometer (BD Biosciences, USA)
with a 488 nm laser for excitation and a 530/30 nm lter for
emission detection. The median uorescence intensity (MFI) of
the gated single-cell population was recorded for each sample
and time point, with the MFI from untreated cells used to
establish the autouorescence baseline. The resulting MFI
values served as a direct metric for the quantitative comparison
of cellular uptake over time.

2.7 In vivo pharmacokinetics

Twenty SD rats were acclimatized in the laboratory environment
for three days before the experiment. The rats were randomly
divided into four groups (n= 5). We withheld food from the rats
for 12 hours before the experiment, while access to water was
maintained. Each group was administered 10 mg kg−1 of Cur,
Cur-L, Cur-LCL and Lf-Cur-LCL via tail vein injection.47 Blood
samples were collected from the retro-orbital plexus of the rats'
eyes at various time points. Aer processing the blood samples,
we analyzed them with HPLC to determine plasma drug
concentration and calculate the pharmacokinetic parameters.

2.8 Tissue distribution

Based on existing literature, sixty-four mice were randomly
divided into four groups (n = 16), namely Cur, Cur-L, Cur-LCL
and Lf-Cur-LCL groups.48 Aer administering 10 mg kg−1 of
the dosage forms via tail vein injection to the mice, four mice
from each group were euthanized by decapitation at 0.5, 4, 8,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 12 h post-injection.47 The heart, liver, spleen, lungs,
kidneys, and brain of the mice were immediately harvested. The
tissues were blotted dry with lter paper to remove moisture,
weighed, and recorded. Different amounts of 0.9% NaCl solu-
tion (0.2 g mL−1) were added to the EP tubes containing the
tissues, such that for 0.2 g of tissue, while 1 mL of 0.9% NaCl
was added. The tissues were homogenized using a high-speed
homogenizer to produce tissue homogenates. In a 1.5 mL EP
tube, an aliquot (100 mL) of tissue homogenate was mixed with
900 mL of diethyl ether to ensure extraction of the drug. The
mixture was vortexed for 2 min and then centrifuged at 10 000
revolutions minute−1 and 4 °C for 10 minutes. The ether phase
was transferred to a new EP tube and evaporated to dryness
under nitrogen at 25 °C. The residue was reconstituted in an
aliquot (100 mL) of HPLC-grade methanol, vortexed, and
centrifuged at 12 000 revolutions minute−1 and 4 °C for 10
minutes. Finally, the supernatant was collected and analyzed
via HPLC detection.
2.9 Therapeutic effects on CIH mice

2.9.1 Groupings. Six-week-old specic pathogen free-grade
C57BL/6 male mice were acclimatized for one week before they
were randomly divided into the following groups (n = 6):

(a) Normal control group (NC): the mice in this group
received no treatment.

(b) Model group (M): the model was constructed in the
hypoxia chamber for 4 weeks without medical intervention as
stated in existing literature.49

(c) Low-dose Cur group (Cur-5): starting from day 1
(synchronous with the modeling mice), the mice received tail
vein injections of Cur at 5 mg kg−1 every other day for four
weeks.

(d) High-dose Cur group (Cur-10): starting from day 1
(synchronous with the modeling mice), the mice received tail
vein injections of Cur at 10 mg kg−1 every other day for four
weeks.

(e) Low-dose Cur-L group (Cur-L-5): starting from day 1
(synchronous with the modeling mice), the mice received tail
vein injections of Cur-L at 5 mg kg−1 every other day for four
weeks.

(f) High-dose Cur-L group (Cur-L-10): starting from day 1
(synchronous with the modeling mice), the mice received tail
vein injections of Cur-L at 10 mg kg−1 every other day for four
weeks.

(g) Low-dose Cur-LCL group (Cur-LCL-5): starting from day 1
(synchronous with the modeling mice), the mice received tail
vein injections of Cur-LCL at 5 mg kg−1 every other day for four
weeks.

(h) High-dose Cur-LCL group (Cur-LCL-10): starting from day
1 (synchronous with the modeling mice), the mice received tail
vein injections of Cur-LCL at 10 mg kg−1 every other day for four
weeks.

(i) Low-dose Lf-Cur-LCL group (Lf-Cur-LCL-5): starting from
day 1 (synchronous with the modeling mice), the mice received
tail vein injections of Lf-Cur-LCL at 5 mg kg−1 every other day
for four weeks.
© 2026 The Author(s). Published by the Royal Society of Chemistry
(j) High-dose Lf-Cur-LCL group (Lf-Cur-LCL-10): starting
from day 1 (synchronous with the modeling mice), the mice
received tail vein injections of Lf-Cur-LCL at 10 mg kg−1 every
other day for four weeks.

2.9.2 Establishment of the CIH animal model. During the
experiment, the mice in the experimental chamber experienced
hypoxia due to the limited oxygen when the chamber was
sealed. When the chamber was opened, air rapidly entered,
causing reoxygenation. Each cycle lasted 150 seconds (120
seconds sealed and 30 seconds open), for 8 hours daily (10:00
AM to 6:00 PM). The control groupmice were placed in a control
chamber under identical conditions except for the lack of
hypoxia exposure. This process continued for four weeks. The
oxygen concentration inside and outside the experimental
chamber was monitored using a CYS digital oxygen meter
(Shanghai Yuyan Instruments Co., Ltd). During the experi-
mental period, the mice were deprived of food and water, and
their respiratory rate, sleep conditions, and tail arterial blood
oxygen saturation were monitored. Normal diet was resumed
during non-experimental periods.

2.9.3 Detection
2.9.3.1 Blood gas analysis. On the last day of hypoxia, ten

groups of mice designated for subsequent experiments were
anesthetized with an intraperitoneal injection of 10%
urethane. Immediately aer anesthesia, the chest cavity was
opened to expose the heart, and 0.2 mL of arterial blood was
drawn from the abdominal aorta using a 1 mL heparinized
syringe. The blood gas values were measured, which included
oxygen partial pressure (PO2) and carbon dioxide partial
pressure (PCO2).

2.9.3.2 Physicochemical indicators. An appropriate amount
of mouse brain tissue was homogenized with physiological
saline to create a tissue homogenate. The homogenate was
centrifuged, while the supernatant was collected. The levels of
MDA and SOD in the mouse brain tissue were measured
according to the instructions provided with the ELISA kits from
Shanghai Yubo Biotechnology Co., Ltd.

2.9.3.3 HE staining. Immediately aer blood collection, the
mice were euthanized, and their brain, liver, spleen, and lung
tissues were dissected. A portion of these tissues was stored in
4% paraformaldehyde solution for preservation. The xed
brain, liver, spleen, and lung tissues were then removed and
washed with PBS at pH 7.4. Aer dehydration, the tissues were
embedded in paraffin, sectioned, and stained using an HE
staining kit. The stained sections were then photographed
under a microscope.

2.9.3.4 Immunohistochemical (IHC) staining. To further
evaluate the therapeutic effects on brain tissue, immunohisto-
chemical (IHC) staining was performed to detect the expression
of relevant biomarkers, including caspase 3, Bcl-2, and Bax,
which are associated with apoptosis. Aer xation in 4% para-
formaldehyde and embedding in paraffin, tissue sections were
incubated overnight at 4 °C with primary antibodies specic to
caspase 3, Bcl-2, and Bax. The sections were then treated with
secondary antibodies and visualized using a DAB detection
system.
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2.10 Statistical analysis

Data were analyzed using SPSS 21.0 statistical soware. The
measurement data that conformed to a normal distribution
were expressed as mean ± standard deviation (x ± s), whereas
measurement data that did not conform to a normal distribu-
tion were presented as the median and interquartile range.
Comparisons of measurement data between two groups were
performed using an independent sample t-test. Categorical data
are presented as [n (%)], while comparisons between groups for
categorical data were performed using the c2 test. Spearman
correlation analysis was used to perform the correlation. A P <
0.05 was considered statistically signicant.

3 Results and discussion
3.1 Establishment of in vitro and in vivo analysis methods
for Cur

The validated HPLC methods for both in vitro and in vivo
analyses were applied to various experimental setups, including
EE, DL, and pharmacokinetic studies. The high specicity and
sensitivity of the method allowed for precise quantication of
Cur in different formulations and biological matrices. The
ability to measure Cur at low concentrations in plasma is
particularly signicant for pharmacokinetic studies, which
require tracking the drug's concentration over time to under-
stand its absorption, distribution, metabolism, and excretion
(ADME) prole. As shown in Fig. 1A, the retention time for Cur
was approximately 6.2 min. This retention time was appro-
priate, with no interference from solvent peaks, and exhibited
good peak shape and separation, indicating high specicity of
this analytical method for determining Cur content. The linear
regression equation for Cur was Y = 147114X − 125177, with an
R2 value of 0.9991. This demonstrates good linearity in the
concentration range of 0.01 to 100 mg mL−1, thus making it
suitable for in vitro quantitative detection of Cur.

As illustrated in the chromatograms of Fig. 1B and C, the
internal standard and Cur peaked at approximately 4.4 min and
6.2 min, respectively. The solvent, internal standard, and drug
peaks were well separated from each other, with no interference
from endogenous substances. The in vivo standard curve
equation for Cur was Y = 0.0408X − 0.0048 with R2 = 0.9977,
which indicates a good linear relationship (R2 > 0.99) in the
concentration range of 0.05 to 20 mg mL−1, and can be used for
determining Cur content in vivo. It is a known fact that Cur is
poorly soluble in water and is rapidly degraded at physiological
Fig. 1 High-performance liquid chromatographic (HPLC) assay of curcu
the in vivo sample (C).
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pH.50 Although these and other factors obviously affect deter-
mination of Cur concentration in samples, existing literature
suggests that HPLC can determine Cur in several samples at
varied concentration ranges with some reported HPLCmethods
having limits of detection and quantication within nanogram
per liter (ng L−1).51 These studies used similar chromatographic
conditions like ours and hence we are certain that our estab-
lished analytical method is reliable and feasible to determine
lower concentrations of Cur in our samples. To ensure the
accuracy of our pharmacokinetic data, we put in place some
standard operating procedures during the analysis to ensure
that we limit the effects of these factors on the in vivo analyses.

3.2 Characterization of Cur liposomes

The PS and PDI are pivotal parameters in evaluating the quality
and stability of liposomal formulations.52 The ZP, which is
indicative of the surface charge of liposomes, provides valuable
insight into their stability in suspension. Furthermore, EE and
DL are critical metrics that determine the efficacy of the lipo-
somal drug delivery system.53 The PS, PDI, ZP, EE and DL of Cur-
L, Cur-LCL and Lf-Cur-LCL are presented in Table 1. In this
study, the PS for Cur-L, Cur-LCL, and Lf-Cur-LCL was found to
be 168.26 ± 2.75 nm, 181.71 ± 3.59 nm, and 205.64 ± 3.83 nm,
respectively. The increase in the liposomal PS from Cur-L to Lf-
Cur-LCLmay be attributed to the addition of polyethylene glycol
(PEG) and Lf modications, which added to the surface
complexity and overall size of the liposomes. Despite the
increase, the particle sizes remained within an acceptable range
for systemic circulation and effective delivery to the target
tissues. In support of this result, Teixeira and colleagues
developed brain-targeted Riluzole-loaded nanoparticles with
the mean PS ranging from 147.2 nm to 203.1 nm.54

The PDI values for all formulations were below 0.25, indi-
cating a narrow size distribution and homogeneity. Specically,
the PDI values were 0.211 ± 0.005 for Cur-L, 0.226 ± 0.011 for
Cur-LCL, and 0.244 ± 0.010 for Lf-Cur-LCL. Low PDI values are
indicative of a uniform liposomal size, which is essential for the
predictability of pharmacokinetics and biodistribution. Addi-
tionally, the respective mean ZP values for Cur-L, Cur-LCL and
Lf-Cur-LCL were −27.65 ± 1.06, −26.16 ± 0.52 and −24.59 ±

0.75. In particular, characteristics of pharmacokinetics are
directly affected by the PS and PDI, which impact the amount of
Cur that was loaded into liposomes and can be released and
absorbed aer the nanoparticles have reached their target site.55

As an indicator that reects particle surface charge, ZP can serve
min (Cur) in vitro (A), HPLC assay of blank serum (B), and HPLC assay of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characterization results of different liposomes

Liposomes PS (nm) PDI ZP (mV) EE (%) DL (%)

Cur-L 168.26 � 2.75 0.211 � 0.005 −27.65 � 1.06 92.38 � 1.26% 7.32 � 0.27%
Cur-LCL 181.71 � 3.59 0.226 � 0.011 −26.16 � 0.52 91.55 � 1.15% 7.65 � 0.31%
Lf-Cur-LCL 205.64 � 3.83 0.244 � 0.010 −24.59 � 0.75 95.67 � 1.01% 4.17 � 0.25%
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as a vital index of stability of dispersed colloidal systems like
liposomes.56 When the absolute value of ZP is larger, it suggests
higher repulsion within particles that are adjacent to each
other, which further indicates that the particles do not aggre-
gate easily and settle as well as implying the increased stability
of the liposomal systems.57,58 Our developed liposomes seem to
resemble an ideal liposomal system, which scientists predict
that it should display high a ZP value, narrow and low PDI and
smaller-sized particles.59

The EE% and DL% are critical parameters that determine
the effectiveness of the liposomal drug delivery system. The
EE% values for Cur-L, Cur-LCL, and Lf-Cur-LCL were 92.38 ±

1.26%, 91.55 ± 1.15%, and 95.67 ± 1.01%, respectively,
demonstrating high encapsulation rates. The slightly higher EE
in Lf-Cur-LCL could be due to the additional binding affinity
provided by the Lf modication, which may enhance Cur
encapsulation.60 The DL% values for Cur-L, Cur-LCL, and Lf-
Cur-LCL were 7.32 ± 0.27%, 7.65 ± 0.31%, and 4.17 ± 0.25%,
respectively. While the DL% of Lf-Cur-LCL was lower than that
of the other formulations, the high EE% compensates for this,
thus ensuring a sufficient amount of Cur was delivered to the
target site.

As shown in Fig. 2, Cur-L, Cur-LCL and Lf-Cur-LCL exhibited
a near-spherical shape with a PS around 200 nm. This spherical
morphology is advantageous for systemic circulation and
cellular uptake, as it can enhance the stability and reduce the
Fig. 2 Transmission electron microscopy (TEM) image of curcumin lipo
circulating liposomes (Cur-LCL), scale bar= 200 nm (B); TEM image of la
1 mm (C); PS test results of Cur-L (D); PS test results of Cur-LCL (E); PS t

© 2026 The Author(s). Published by the Royal Society of Chemistry
clearance by the RES.61 The results of PS measurement are
basically consistent with the data that were measured with
TEM.

The characterization of the liposomal formulations (Cur-L,
Cur-LCL, and Lf-Cur-LCL) demonstrated excellent properties
in terms of PS, PDI, ZP, EE%, DL%, morphology, and stability.
Importantly, the EE, lamellarity, surface charges, and PS have
been discovered to highly inuence the properties of liposomes,
and hence these factors should be considered when designing
liposomes for targeted delivery. The slight variations in these
parameters suggest that PEGylation and Lf modication did not
adversely affect the overall quality and stability of the formu-
lations. These ndings conrm that the liposomal formulations
are well-suited for delivering Cur effectively, particularly Lf-Cur-
LCL, which showed enhanced brain-targeting capabilities. The
comprehensive characterization lays a solid foundation for
their potential clinical application in treating hypoxic brain
injury and other related conditions. Importantly, we under-
stand that molecular-level analysis is essential for under-
standing the structural and functional characteristics of
curcumin-loaded liposomes, which directly impact their
stability, bioavailability, and therapeutic efficacy. Techniques
such as Fourier-transform infrared spectroscopy (FTIR), differ-
ential scanning calorimetry (DSC), and nuclear magnetic reso-
nance (NMR) spectroscopy help elucidate the interactions
between Cur and liposomal lipids, conrming encapsulation
somes (Cur-L), scale bar = 200 nm (A); TEM image of curcumin long-
ctoferrin modified long-circulating liposomes (Lf-Cur-LCL), scale bar=
est results of Lf-Cur-LCL (F).
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and structural integrity. These analyses also provide insights
into the release kinetics, crystallinity, and physicochemical
stability, enabling researchers to optimize liposomal formula-
tions for improved drug delivery and biological performance.
Besides, existing literature has attempted to explain the struc-
ture, interactions, and conformational changes of Cur and the
liposome's lipid bilayer.62,63 Notwithstanding, we will perform
a comprehensive molecular-level analysis of the physicochem-
ical properties of Cur liposomes in our not-too-distant investi-
gations to completely understand their structure, interactions,
and conformational changes.

3.3 In vitro cumulative release

To predict the efficacy of drugs in vivo and provide a reference
for the dosage regimen, it is important that we evaluate the
quality of formulations by examining the prole of drug release.
As shown in Fig. 3, the cumulative release rate of Cur was
signicantly lower than that of Cur-L, Cur-LCL and Lf-Cur-LCL.
Among the three-release media, Cur reached its highest release
point aer 4 hours, with a release rate not exceeding 35%within
12 hours. In contrast, Cur-L, Cur-LCL and Lf-Cur-LCL reached
their peak cumulative release at 10 (8 in pH 7.4), 24, and 36
hours, respectively, demonstrating excellent sustained-release
properties, particularly for the Lf-Cur-LCL formulation. The
cumulative release of Cur in pH 1.2 medium was about 18.24%,
while in pH 7.4 medium it was approximately 24.92%. Statis-
tical results showed that the cumulative release of Cur in pH 7.4
medium was signicantly higher than that in pH 1.2 medium,
(p < 0.01). Overall, the release rate of Cur and its formulations
was rapid in pH 7.4 PBS medium, with the highest cumulative
release rate being observed at this pH. With regard to Cur
liposomes, all the formulations exhibited sustained release with
a higher release rate being discovered in pH 7.4 PBS medium,
which aligned with existing literature.64 This observation may
be attributed to the pH-dependent solubility and stability of Cur
and structural integrity of the liposomal carrier. The deproto-
nation of the phenolic moiety of Cur facilitates its partitioning
into aqueous environments, resulting in increased solubility
under neutral to alkaline conditions. Conversely, the proton-
ation of these groups under acidic conditions (pH 1.2) reduces
solubility due to enhanced intermolecular hydrogen bonding.65

Although the chemical instability of Cur in neutral to alkaline
Fig. 3 In vitro cumulative release curves of curcumin liposomes (Cur-L), C
6.8, and (C) pH 7.4; n = 3).

214 | Nanoscale Adv., 2026, 8, 207–223
media may lead to partial degradation following release, which
could compromise the cumulative release measurement, it still
retains a relatively high apparent cumulative release rate. The
structural integrity of liposomes is inuenced by pH levels; at
pH 7.4, this increased membrane uidity and permeability
further facilitates the release of Cur.66 Consequently, the high-
est cumulative release of Cur was observed in PBS at pH 7.4.
Furthermore, in all pH media, the drug showed a certain
downward trend in cumulative release aer reaching the
maximum cumulative release amount. This phenomenon was
presumably due to the growth or transformation of the drug's
crystal form during the in vitro release process, which may have
led to a decrease in solubility. The time points of decline in the
cumulative release rate were extended in sequence in the order
of Cur, Cur-L, Cur-LCL and Lf-Cur-LCL, which reected the
good encapsulation of the drug by the liposomes and the crystal
inhibition effect of the formulation carriers on the drug.67 The
sustained release proles observed in this study have signicant
implications for the therapeutic efficacy of Cur formulations.
Sustained release helps maintain consistent drug levels in the
bloodstream, which is crucial for chronic conditions like
hypoxic brain injury. The ability of Lf-Cur-LCL to release Cur
over an extended period enhances its potential as a therapeutic
agent, thereby providing prolonged neuroprotection and miti-
gating oxidative stress associated with hypoxia.

3.4 Stability assessment results

Stability assessment is crucial for ensuring that formulations
remain effective during storage and transportation. The
stability of liposomes is inuenced by several factors, which
include but are not limited to their surface features, shape, size,
and type of materials that were employed for the preparation of
the delivery system.68 As shown in Table 2, Cur-L stored at 4 °C
for 7 days exhibited no signicant changes in PDI, ZP and PS (P
> 0.05). When stored at 25 °C for 7 days, Cur-L also showed no
signicant changes in PDI and ZP (P > 0.05), although the PS
increased from 167.51 nm to 171.43 nm (P < 0.05), a change rate
of approximately 2.34%, which is still within an acceptable
range. As indicated in Table 3, Cur-LCL stored at both 4 °C and
25 °C for 7 days showed no signicant changes in PDI, ZP, and
PS (P > 0.05), with a slight increase in the PS of about 1.63% at
the temperature of 25 °C on the 7th day. As presented in Table 4,
ur-LCL and lactoferrin (Lf)-Cur-LCL in variousmedia ((A) pH 1.2, (B) pH

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Stability assessment results of curcumin liposomes (Cur-L)a

Day

Cur-L

PDI ZP (mV) PS (nm)

4 °C 25 °C 4 °C 25 °C 4 °C 25 °C

0 0.212 � 0.005 0.213 � 0.006 −27.37 � 0.87 −27.11 � 0.55 168.83 � 3.38 167.51 � 3.87
3 0.218 � 0.006 0.218 � 0.009 −27.78 � 0.76 −28.12 � 0.67 166.31 � 3.61 169.57 � 2.12
7 0.209 � 0.004 0.221 � 0.008 −27.89 � 0.98 −27.87 � 0.12 169.61 � 3.14 171.43 � 3.29*

a PDI: polymer dispersity index, ZP: zeta potential, and PS: particle size.
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Lf-Cur-LCL stored at 4 °C for 7 days showed no signicant
changes in PDI, ZP and PS (P > 0.05). When it was stored at 25 °C
for 7 days, Lf-Cur-LCL exhibited no signicant changes in PDI
and ZP (P > 0.05), while the PS increased from 205.29 nm to
209.87 nm (P < 0.05), a change rate of approximately 2.23%,
which was still within an acceptable range. These results indi-
cate that all three formulations exhibited good stability when
stored at 4 °C and 25 °C for 7 days. Notwithstanding, future
studies will assess the long-term storage stability of these
formulations at higher temperatures and relative humidities.
3.5 Cellular uptake results

Cellular uptake studies are crucial for understanding how
effectively drug delivery systems can transport therapeutic
agents into target cells. The results of the in vitro cellular uptake
experiments are shown in Fig. 4A–D. It can be observed that the
uorescence intensity of Cur-L, Cur-LCL and Lf-Cur-LCL in P12
cells increased gradually over time, thus indicating increased
cellular uptake. This nding demonstrates that P12 cells took
up more of the three drug delivery systems as time progressed.

At the same time points, the uorescence intensities of Cur-
LCL and Lf-Cur-LCL were signicantly higher than that of Cur-
L, which suggests that long-circulating liposomes and Lf-
modied long-circulating liposomes were more conducive to
phagocytosis by P12 cells. This observation indicates that Cur
could be delivered effectively to PC12 cells, thus potentially
enhancing its activity. However, this study did not investigate
the effects of liposomal size and PS changes on cellular uptake.

The cellular uptake study highlights the superior perfor-
mance of Cur-LCL and Lf-Cur-LCL in delivering Cur to PC12
neural cells. PEGylation and Lf modication could signicantly
Table 3 Stability assessment results of curcumin long-circulating liposo

Day

Cur-LCL

PDI ZP (mV)

4 °C 25 °C 4 °C

0 0.225 � 0.007 0.223 � 0.004 −26.26 � 0.5
3 0.228 � 0.009 0.238 � 0.009 −26.41 � 0.7
7 0.231 � 0.007 0.238 � 0.011 −26.17 � 0.8

a PDI: polymer dispersity index, ZP: zeta potential, and PS: particle size.

© 2026 The Author(s). Published by the Royal Society of Chemistry
enhance the uptake efficiency compared to that of conventional
Cur liposomes.69,70 The addition of PEG to the liposomes creates
a “stealth” effect, thus reducing opsonization and recognition
by the RES.71 This prolongs the circulation time of the lipo-
somes, thereby increasing the probability of cellular uptake. Lf
is a glycoprotein that can bind to Lf receptors expressed on the
surface of many cell types, including neurons. The modication
of Cur-LCL with Lf facilitates receptor-mediated endocytosis,
a process by which the liposomes are actively transported into
the cells. These ndings underscore the potential of Lf-Cur-LCL
as an effective brain-targeting drug delivery system for treating
hypoxic brain injury and other neurological disorders. The
enhanced uptake ensures higher intracellular concentrations of
Cur, which is critical for achieving therapeutic efficacy.

To complement the qualitative uorescence imaging, the
cellular uptake was quantitatively analyzed using ow cytom-
etry. As quantitatively detailed in Fig. 4E, the percentage of
curcumin-positive PC12 cells demonstrated a clear time- and
formulation-dependent increase. Consistent with the micro-
scopic observations, the uptake efficiency followed the
following order: Lf-Cur-LCL > Cur-LCL > Cur-L. At the 24 hour
time point, the cellular uptake of Lf-Cur-LCL was signicantly
higher than that of all other formulations. Crucially, the
enhanced uptake of Lf-Cur-LCL was effectively inhibited by pre-
incubation with an excess of free lactoferrin (Lf-Cur-LCL + Lf
group), as the free Lf competitively bound to the Lf receptors on
the cell surface. This result provides strong quantitative
evidence that the superior cellular internalization of Lf-Cur-LCL
is primarily mediated by Lf receptor-specic endocytosis.

In summary, our cellular uptake results show that modifying
the liposomes with lactoferrin markedly improved their uptake
into PC12 neural cells. The competitive inhibition experiment
mes (Cur-LCL)a

PS (nm)

25 °C 4 °C 25 °C

7 −26.19 � 0.83 181.83 � 2.15 181.72 � 3.51
5 −26.85 � 0.89 182.28 � 2.34 182.47 � 2.68
1 −27.35 � 0.41 182.64 � 3.61 184.69 � 3.71
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Table 4 Stability assessment results of lactoferrin-modified long-circulating liposomes (Lf-Cur-LCL)a

Day

Lf-cur-LCL

PDI ZP (mV) PS (nm)

4 °C 25 °C 4 °C 25 °C 4 °C 25 °C

0 0.243 � 0.012 0.244 � 0.011 −24.12 � 0.45 −24.21 � 0.24 205.41 � 3.31 205.29 � 3.22
3 0.245 � 0.009 0.251 � 0.013 −24.35 � 0.51 −25.17 � 0.58 205.89 � 2.93 207.83 � 4.17
7 0.249 � 0.009 0.255 � 0.016 −26.89 � 0.67 −26.25 � 0.78 206.18 � 3.38 209.87 � 3.55

a PDI: polymer dispersity index, ZP: zeta potential, and PS: particle size.
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provided clear evidence that this improvement occurs mainly
through Lf receptor-mediated endocytosis. Although the PC12
cell model successfully demonstrated the affinity of the
formulation for neuronal cells, further studies using more
advanced in vitro BBB models would help to fully conrm its
brain-targeting potential. Together with in vivo receptor block-
ing studies, such approaches could directly measure trans-
cytosis efficiency and offer deeper insight into the active
targeting mechanism across the BBB.
3.6 In vivo pharmacokinetic results

Pharmacokinetic studies are essential for understanding the
ADME of drugs. As shown in Fig. 5, the circulation time of the
three formulations in vivo is all longer than that of Cur. One
hour aer tail vein injection, the blood concentrations of the
three formulations were higher than that of Cur, with Cur-LCL
and Lf-Cur-LCL showing higher blood concentrations than Cur-
L. The tail vein injection, which is also known as intravenous
injection into the tail vein, is a common route of drug admin-
istration that is usually used in animal experiments,60 particu-
larly in mice and rats. In order for the liposomes to reach target
organs such as the brain, heart and lungs via liver, scientists
Fig. 4 Phagocytosis results of P12 cells. (A–D) Fluorescencemicroscopy
Cur-LCL, and (D) Lf-Cur-LCL + Lf for 4, 12, and 24 hours. Scale bar = 50
are presented as mean ± SD (n = 3).

216 | Nanoscale Adv., 2026, 8, 207–223
usually employ injections via the tail vein because it is efficient
for large molecules and lipid-based nanoparticles.72,73 In this
work, we chose this method with the aim of getting direct access
to systemic circulation, ensuring accurate dosage delivery,
minimizing Cur degradation via metabolism, preventing
potential Lf degradation and causing minimal stress to the
animals.74,75 It is interesting to note that Cur had the shortest
circulation time in vivo, and thus it became undetectable aer 6
hours. In contrast, Cur-L had a circulation time of 12 hours,
whilst Cur-LCL and Lf-Cur-LCL had a circulation time of 24
hours. The in vivo pharmacokinetic results clearly demon-
strated that liposomal formulations, especially Lf-Cur-LCL,
signicantly prolonged the circulation time of Cur in the
bloodstream and exhibited increased blood concentration of
Cur, which is expected to further promote the distribution of
Cur into the brain. These improvements are critical for
achieving sustained therapeutic effects and reducing dosing
frequency. The ndings underscored the potential of Lf-Cur-
LCL as a superior drug delivery system for Cur, particularly
for brain-targeted therapies in conditions such as hypoxic brain
injury. The enhanced pharmacokinetic prole of Lf-Cur-LCL
supports its further development and clinical application.
images of PC12 cells after incubation with (A) Cur-L, (B) Cur-LCL, (C) Lf-
mm. (E) Quantitative analysis of cellular uptake by flow cytometry. Data

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Concentration–time curve in vivo.
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3.7 Tissue distribution

Understanding the tissue distribution of a drug is crucial for
assessing its therapeutic efficacy and potential toxicity.76

Although the aim of developing these formulations was to
mainly target Cur to the brain, in order to minimize off-target
accumulation and avoid potential adverse effects of the lipo-
somes, it is important to understand the biodistribution
patterns of Cur-loaded liposomes in other tissues such as the
liver, spleen, kidneys, heart, etc. As shown in Fig. 6, following
tail vein injection of Cur, the highest concentration of Cur was
found in the liver and the lowest in the spleen. The concen-
tration of Cur in various organs decreased over time. Notably,
Cur remained detectable in the heart, lungs, kidneys, and brain
at 8 h, but only for 4 h in the spleen. At 0.5 h, the concentration
of Cur in all tissues was higher than that in the Cur-L, Cur-LCL
and Lf-Cur-LCL groups. However, starting from the 4th hour,
the concentration of Cur was lower than that in the Cur-L, Cur-
LCL and Lf-Cur-LCL groups. At the 4th hour, the concentrations
of Cur in Cur-LCL and Lf-Cur-LCL groups in the heart, liver,
spleen, lungs, and kidneys were still lower than those in the
Cur-L group. However, in the 8th and 12th hours, the
Fig. 6 The distribution of Cur, Cur-L, Cur-LCL and Lf-Cur-LCL in tissue

© 2026 The Author(s). Published by the Royal Society of Chemistry
concentrations of Cur in Cur-LCL and Lf-Cur-LCL groups were
higher than those in the Cur-L group. In the 12th hour, the
concentration of Cur in the Lf-Cur-LCL group was higher than
that in the Cur-LCL group. In brain tissue, starting from 0.5 h,
the concentration of Cur in the Lf-Cur-LCL group was consis-
tently higher than in the other groups, thus indicating that Lf-
Cur-LCL had superior brain-targeting properties. The superior
brain targeting ability of Lf-Cur-LCL was a signicant nding.
The Lf receptors are abundantly expressed on the BBB, and Lf
modication leveraged these receptors to facilitate Cur trans-
port into the brain.77,78 This targeting capability is crucial for
treating neurological disorders, such as hypoxic brain injury,
wherein effective drug delivery to the brain is necessary for
therapeutic efficacy.

The enhanced and targeted distribution of Lf-Cur-LCL to the
brain and other vital organs underscores its therapeutic
potential. For neurological conditions, the ability to cross the
BBB and achieve higher brain concentrations is crucial.79 The
sustained presence in the liver, spleen, lungs, and kidneys
indicates that the formulation could also have applications
beyond neurological disorders, thereby potentially addressing
systemic conditions requiring extended drug release and tar-
geting. As part of our future work, we intend to corroborate the
claim of enhanced brain uptake due to Lf modication by
designing experiments using techniques such as in vivo
imaging, direct brain tissue analysis, and in vitro studies of
brain endothelial cells to measure uptake and localization Lf-
Cur-LCL.80 We anticipate that these methods can conrm the
mechanism of entry and show that Lf-Cur-LCL may be actively
transported across the blood–brain barrier (BBB) and accumu-
late in the brain parenchyma more effectively than unmodied
ones like Cur-L and Cur-LCL.81
3.8 Therapeutic effect on CIH mice

The CIH is a hallmark of OSA and leads to severe oxidative stress
and tissue damage. In the CIH mouse model, PO2 levels were
markedly reduced and PCO2 levels elevated compared to the
blank group (p < 0.01), conrming successful model establish-
ment (Fig. 7A and B). Treatment with Cur formulations
s ((A) heart; (B) liver; (C) spleen; (D) lungs; (E) kidney; (F) brain).
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Fig. 7 Detection results of blood gas partial pressure and oxidative markers ((A) Oxygen partial pressure results; (B) carbon dioxide partial
pressure results; (C) malondialdehyde (MDA) content results; (D) superoxide dismutase (SOD) content results) (**: compared to the normal
control (NC) group, p < 0.01; #: compared to the model (M) group, p < 0.05; ##: compared to the M group, p < 0.01; &&: compared to the same
dose of the Cur group, p < 0.01; :: compared to the same dose of the Cur-L group, p < 0.05; ::: compared to the same dose of the Cur-L
group, p < 0.01; O: compared to the same dose of Cur-LCL, p < 0.05; OO: compared to the same dose of Cur-LCL, p < 0.01).
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signicantly improved blood gas parameters, with stepwise
enhancement from Cur/ Cur-L/ Cur-LCL/ Lf-Cur-LCL (p <
0.05–0.01). The Lf-Cur-LCL formulation achieved the highest
PO2 increase and greatest PCO2 reduction, indicating superior
efficacy in improving oxygen exchange.

Oxidative stress assessment revealed that MDA, a lipid per-
oxidation marker, was elevated in CIH mice but signicantly
reduced by all Cur treatments, with Lf-Cur-LCL showing the
strongest decrease (p < 0.01) (Fig. 7C). This observation indi-
cates abnormal oxidative stress markers in the CIH mouse
model. All Cur treatments signicantly reduced MDA levels,
with Lf-Cur-LCL showing the most pronounced reduction. This
highlights the potent antioxidant properties of the Lf-modied
formulation in reducing oxidative stress.

SOD is an important antioxidant enzyme that protects
against oxidative damage. SOD activity, which was diminished
in the model group, increased markedly aer treatment,
following the same formulation-dependent trend (Fig. 7D). SOD
levels were signicantly lower in the model group, which
demonstrates impaired antioxidant defense. Treatment with
Cur formulations increased SOD levels, with Lf-Cur-LCL
achieving the highest increase. This suggests that Lf-Cur-LCL
not only reduces oxidative stress but also enhances the antiox-
idant capacity of the brain tissue.

Overall, Cur-based formulations effectively mitigated CIH-
induced oxidative stress and hypoxia, with Lf-Cur-LCL demon-
strating the most pronounced therapeutic benets. The lacto-
ferrin modication enhanced brain targeting and antioxidant
218 | Nanoscale Adv., 2026, 8, 207–223
capacity, highlighting Lf-Cur-LCL as a promising candidate for
treating hypoxic brain injury and related OSA-associated
complications.

Currently, weight-loss strategies and airway support (like
CPAP) remain the rst-line treatment for OSAHS.82 In the
management of residual daytime sleepiness, some pharmaco-
logical agents (modanil/armodanil and solriamfetol) have
primarily been approved,83 while severity of OSA has been
recently reduced via weight loss for obese adults using tirze-
patide.84 These treatment options act systemically (weight
reduction or wake-promoting) rather than directly increasing
drug concentration in the brain. Pharmacological neuro-
protectants have preclinically shown promise but their clinical
benet has remained limited and inconsistent.85 In this context,
we aimed to potentially improve brain delivery of the
antioxidant/anti-inammatory agent (Cur) using our developed
Lf-Cur-LCL formulation via receptor-mediated transcytosis. In
comparison with existing clinical options, Lf-Cur-LCL consti-
tutes amechanistically distinct, targeted approach that could be
used to treat CIH-induced OSA. More importantly, while our
biodistribution and biomarker data show improved brain
exposure and favorable changes in markers of oxidative stress,
direct efficacy comparisons of our formulation with approved
pharmacological agents require head-to-head functional
studies (behavioral/neurological endpoints and safety proling)
and translational toxicology before clinical claims can be made.

As shown in Fig. 8A–D, histopathological examination
revealed that CIH induced signicant tissue injury across
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Histopathological photomicrographs of mouse tissues ((A) brain; (B) liver; (C) spleen; (D) lung) (20×, Scale bar = 50 mm).
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multiple organs. In the brain, the model group exhibited
pronounced cellular edema, necrosis, and hemorrhage
compared to the normal group, which showed intact
morphology. Similar pathological alterations, cellular edema,
inammatory inltration, and nuclear destruction were
observed in the liver, spleen, and lungs of CIH mice. Treatment
with Cur formulations alleviated these lesions to varying
extents, following the trend Cur < Cur-L < Cur-LCL < Lf-Cur-LCL.
Notably, Lf-Cur-LCL provided the most signicant protection,
restoring tissue integrity and reducing inammation across all
examined organs.

The immunohistochemical (IHC) staining results (Fig. 9) of
brain tissue revealed signicant changes in the expression of
apoptotic markers in the treatment groups. Caspase 3, a marker
of apoptosis, was signicantly reduced in the Lf-Cur-LCL-
treated group, indicating decreased apoptosis in brain cells.
Bcl-2, an anti-apoptotic protein, showed increased expression in
the Lf-Cur-LCL group, suggesting enhanced neuronal survival.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Bax, a pro-apoptotic protein, showed reduced expression in the
Lf-Cur-LCL group, reecting a decrease in pro-apoptotic
signaling and suggesting improved neuronal protection.
These ndings support the therapeutic effects of Lf-Cur-LCL,
where treatment signicantly reduced apoptotic markers and
promoted cell survival in brain tissue, leading to enhanced
protection against hypoxic brain injury.

The present study demonstrates the therapeutic potential of
Lf-Cur-LCL in mitigating brain injury induced by CIH. While
these results are promising, our investigation has mainly
focused on formulation characterization, pharmacokinetics,
and overall therapeutic outcomes. The enhancement in EE
observed with the Lf modication, although consistent with
other protein-based delivery systems, warrants further mecha-
nistic exploration. Future studies will focus on examining the
molecular interactions between Lf and Cur using biophysical
techniques such as isothermal titration calorimetry and uo-
rescence spectroscopy. These approaches will enable detailed
Nanoscale Adv., 2026, 8, 207–223 | 219
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Fig. 9 Immunohistochemical (IHC) staining of brain tissue from different treatment groups. (20×, scale bar = 100 mm).
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characterization of the binding affinity and thermodynamic
properties of this interaction, helping to deepen our under-
standing of the structure–activity relationship in this delivery
system.

4 Conclusion

In this study, three different Cur liposomes (Cur-L, Cur-LCL,
and Lf-Cur-LCL) were prepared using the ethanol injection
method. The quality of these liposomes was supported by
enhancements in various parameters including PS, TEM, ZP,
PDI, EE, DL, in vitro release, and cellular uptake of the nano-
preparations. More importantly, the results demonstrate that
these liposomes exhibit good quality and potential clinical
application value. In addition, the three formulations showed
signicant effects in improving oxidative indicators and blood
gas partial pressures, and reducing tissue damage in the liver,
spleen, and kidneys of mice with CIH. Notably, the Lf-Cur-LCL
formulation exhibited superior brain-targeting and therapeutic
effects, thus indicating promising prospects for product devel-
opment. By providing sustained release and enhancing tissue
distribution, Lf-Cur-LCL offers a more effective therapeutic
approach for brain-related conditions, including brain tumors
and hypoxic brain injury.

The combination of Lf with long-circulating liposomes
represents a signicant advancement over traditional Cur
formulations, unlocking new potential for targeted drug
220 | Nanoscale Adv., 2026, 8, 207–223
delivery in the treatment of neurological disorders. This devel-
opment in Cur delivery systems holds considerable promise for
clinical applications, particularly in overcoming the challenges
associated with brain tumor therapy and other neurological
diseases.
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