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Purpose: Current antidepressants are limited by insufficient efficacy of conventional monoaminergic drugs and poor brain penetration 
across the blood-brain barrier. This study designed pure curcumin loaded lipid nanoparticle (CNP) with optimized brain-targeting 
delivery for depression therapy.
Methods: Cur molecules first self-assembled into carrier-free drug nanoparticles. Subsequently, CNP were then prepared via thin-film 
dispersion and fully characterized in terms of particle size, PDI, DSC, XRD, TEM. The antidepressant effect of CNP was system
atically investigated via in vitro and in vivo assays, including cellular uptake, LPS-induced stress model in BV2 cells, and in vivo 
CUMS depression model.
Results: CNP displayed uniform spherical morphology with an average size of 115.8 ± 18.3 nm, PDI of 0.216 ± 0.015 and zeta 
potential of −27.1 mV, along with high encapsulation efficiency (86.11 ± 4.28%), drug loading (6.62 ± 0.45%) and sustained release 
behavior. The cellular uptake efficiency of the CNP group reached 41.47 ± 1.45%, which was more than double that of the Cur group 
(17.21 ± 0.54%). In vitro studies showed that CNP not only rescued the viability of cells damaged by corticosterone and hydrogen 
peroxide but also exerted significantly enhanced anti-inflammatory and antioxidant effects in lipopolysaccharide induced cellular stress 
models. In vivo studies indicated that CNP alleviated depressive-like behaviors more effectively.
Conclusion: CNP exhibits significantly enhanced antidepressant efficacy, thus providing a promising approach for developing brain- 
targeted therapeutics for MDD.
Keywords: depression, curcumin, intranasal delivery, self-assembly, drug delivery

Introduction
Major depressive disorder (MDD), also referred to as depression, is a mood disorder whose hallmark feature is loss of 
interest or sadness for a period of at least two weeks.1,2. Traditional antidepressants targeting monoaminergic systems 
exhibit substantial limitations in clinical practice, including a relatively high non-response rate in patients and, in certain 
instances, the elusiveness of effective symptom improvement with these agents. Furthermore, the adverse effects linked 
to these agents, such as weight gain and cardiovascular complications, are also notably prominent.3,4 Ketamine, a novel 
rapid-acting antidepressant with the ability to restore neuroplasticity, can induce symptom relief in patients with MDD 
within hours. However, its therapeutic effect exhibits a relatively short duration, and frequent injections are necessitated 
to maintain efficacy in clinical practice. This not only increases the complexity of treatment procedures but also may 
raise the risk of drug dependence and adverse reactions.5,6 As a result, there is a significant gap between the number of 
MDD patients in need of treatment and the capacity to deliver effective therapy for disease remission.7,8 The develop
ment of new therapeutic agents for MDD is therefore an urgent priority in current clinical and research fields.
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Bioactive phytochemicals exert therapeutic effects via multiple pathways and targets, and have emerged as 
a promising natural source for the prevention, alleviation, and treatment of depression.9–11 Curcumin (Cur), a natural 
polyphenolic bioactive compound, exhibits neuroprotective, anti-inflammatory, and antioxidant properties. Cur can 
alleviate depressive symptoms by increasing the concentrations of monoamine neurotransmitters in synapses, alleviating 
dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis, mitigating impairments in neuroplasticity, and counter
acting oxidative stress and associated inflammatory dysregulation.12,13 Currently, curcumin has been proposed as an 
adjunctive agent for the treatment of depression, curcumin showed strong performance as either monotherapies or 
adjuncts to antidepressants.14 Meanwhile, accumulating evidence from clinical randomized controlled trials has demon
strated that Cur serves as an effective therapeutic agent for MDD, and it is well tolerated at high doses with a safety 
profile comparable to that of placebo.15,16 As an antioxidant, Cur prevents the elevation of oxidative stress by lowering 
concentrations of malondialdehyde and protein carbonyls, and enhances the activity of antioxidant enzymes, including 
superoxide dismutase, catalase, and glutathione peroxidase.17 Additionally, Cur can modulate synaptic and neuroplasti
city-related changes in patients with MDD, including regulating hippocampal levels of BDNF, TrkB, and their down
stream factors (ERK, mTOR, and Akt), as well as the expression of components of the cAMP-CREB-BDNF signaling 
pathway and synapse-associated proteins (Limk1, miR-134, PSD-95, and synapsin).18,19 However, despite the well- 
established antidepressant efficacy of Cur, its clinical application is still hindered by several factors, including poor 
aqueous solubility, low oral bioavailability, rapid metabolism, and rapid systemic clearance.20

The emergence of nanomedicines formed via the self-assembly of free drugs or bioactive molecules offers a viable 
solution to these challenges. Carrier-free nanomedicines constructed through pure drug self-assembly have gained 
considerable attention due to their high biocompatibility, simple composition, ease of synthesis, and enhanced therapeutic 
efficacy.21,22 Pure drug nanoparticles represent a novel class of pharmaceutical formulations formed by the self-assembly 
of drug molecules in the absence of exogenous carriers.23,24 Benefiting from their simplified components, more 
environmentally benign preparation processes, and straightforward manufacturing procedures, these nanoparticles sup
port subsequent large-scale manufacturing and clinical translation. They exhibit key characteristics including small 
particle size, facile penetration across various biological barriers, and efficient drug release. The nanoscale dimension and 
uniform physicochemical properties of carrier-free nanomedicines confer enhanced aqueous solubility, improved chemi
cal stability, extended in vivo blood circulation, and strengthened cellular penetration.25–27 Inspired by the natural 
multivalent effect, the self-assembly of Cur molecules into carrier-free pure Cur nanoparticles represents a potential 
strategy to overcome the aforementioned limitations of free Cur.28 In fact, existing studies have confirmed that Cur can 
form pure Cur nanomedicines via spontaneous self-assembly.29 However, carrier-free nanomedicines typically exhibit 
inadequate targeting capability and face obstacles posed by the blood-brain barrier (BBB).30,31 Recent studies have 
demonstrated that coating carrier-free self-assembled drug nanoparticles with phospholipid bilayers can enhance their 
cellular internalization and modulate intracellular processing.32 Meanwhile, for drugs like Cur which are characterized by 
low lipid solubility and limited stability, further improving their brain delivery efficiency is of particular importance for 
translating their antidepressant potential into clinical utility.

Intranasal administration, a non-invasive drug delivery approach, represents a potential targeted delivery method for 
brain disorders. Beyond its non-invasive and painless nature, this route can also enhance nasal drug absorption.33–35 

Intranasal administration enables direct drug delivery to the brain via the nose-to-brain pathway, bypassing first-pass 
metabolism in the liver and intestines to achieve superior therapeutic efficacy. Currently, esketamine (Spravato®), 
approved by the FDA for intranasal administration, can rapidly alleviate depressive symptoms, and this finding confirms 
the clinical value of drug delivery through this route.36 Meanwhile, to address the inherent limitations of Cur in brain 
delivery, a range of nanomaterial-based encapsulation strategies have been developed, such as polymeric nanoparticles, 
liposomes, solid lipid nanoparticles, micelles, dendrimers, and hybrid nanomaterials.21,37 These formulations are 
designed to enhance curcumin’s solubility, stability, cellular internalization, and controlled release, thereby improving 
its targeted delivery efficiency.38,39 Among the nanocarriers developed for Cur to date, lipid-based nanocarriers stand out 
as one of the most extensively investigated systems. In a lipopolysaccharide-induced depressive rat model, curcumin- 
loaded nanostructured lipid carriers effectively enhanced curcumin’s neuroprotective effects, supporting their potential as 
a therapeutic option for MDD and anxiety.39,40 Additionally, carrier modification can further boost the efficiency of 
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brain-targeted delivery. Borneol (Bor), a highly lipid-soluble bicyclic monoterpene, can enhance the ability of drugs to 
cross biological barriers and serves as a promising brain-targeting auxiliary ligand.41–43 Studies have leveraged Bor’s 
capacity to improve BBB penetration to successfully deliver the Chinese medicinal monomer Danshen to brain regions, 
significantly enhancing therapeutic outcomes.44 In summary, nanodelivery systems can overcome the barrier posed by the 
BBB that restricts drug delivery to the central nervous system (CNS), improve drugs’ brain-targeting capability, and offer 
potential therapeutic strategies for CNS disorders.45,46

In this study, Cur first self-assembled into carrier-free pure curcumin nanoparticles. Subsequently, these nanoparticles 
were co-encapsulated with Bor, DSPE-mPEG2000, and HSPC to form lipid-based Cur nanoparticles (CNP). With 
intranasal administration and under the guidance of Bor, CNP can efficiently penetrate into targeted brain regions. 
This simple lipid-based nanoparticle composed of pure drug combines the non-invasive nature of intranasal administra
tion with brain-targeting capability, thereby offering a promising strategy for accelerating the clinical translation of brain- 
targeted drug delivery systems for MDD treatment.

Materials and Methods
Materials
Curcumin (Cur, PG77400, 25 g) and Fluoxetine (Flu, P272750, 25 g) were purchased from Chengdu Best Reagent Co., 
Ltd (China). Corticosterone (CORT, C104537, 1g), hydrogen peroxide (H2O2, H755825, 100 mL), HSPC (H304974, 10 
g), and DSPE-mPEG2000 (D163634, 10 g) were purchased from were purchased from Aladdin-Reagent Co. Ltd. Cell 
Counting Kit-8 (CCK-8, CA1210, 500T) were purchased from Beijing Solarbio Science & Technology Co., Ltd (China). 
NO detection kit (S0021S, 500T) and ROS detection kit (S0033S, >100T) were purchased from Beyotime Biotech Inc. 
All other chemicals were of chromatographic grade.

Cell Lines and Cultures
BV2 cells and differentiated PC12 cells were obtained from the Basic Medicine Laboratory of the Affiliated Hospital of 
Southwest Medical University (Sichuan, China). All cell lines were maintained in DMEM (Gibco; Thermo Fisher 
Scientific, USA) with 10% fetal bovine serum (Hyclone, Utah, USA) and 100 U/mL penicillin-streptomycin in 
a humidified environment with 5% CO2 at 37 °C.

Preparation and Characterization of CNP
Preparation of CNP
Self-assembled pure Cur nanoparticles were prepared with slight modifications according to previously reported 
protocols.28 Briefly, free Cur (5 mg) was dissolved in ethanol (2 mL) and was then rapidly added dropwise to water 
(10 mL) under vigorous stirring. As solvent exchange occurred and drug molecules self-assembled, the solution gradually 
turned yellow. Subsequently, the resulting self-assembled pure curcumin nanoparticles were purified and concentrated by 
dialysis with a dialysis bag followed by centrifugation.

CNP was prepared via the thin film dispersion method, following the specific protocol outlined below. First, 5 mg of 
self-assembled pure curcumin nanoparticles, 5 mg of Bor, 20 mg of HSPC, and 20 mg of DSPE-mPEG2000 were 
dissolved in 3 mL of tetrahydrofuran, and the mixture was transferred to a 50 mL round-bottom flask. The mixture was 
stirred at 100 rpm for 30 min in a constant-temperature water bath at 40 °C. Subsequently, the mixture was moved to 
a rotary evaporator, and vacuum rotary evaporation was conducted at 40 °C and 100 rpm for 5 min to remove the solvent, 
leading to the formation of a lipid film on the inner wall of the flask. Nitrogen gas was purged to ensure the absence of 
residual solvent, and the flask was then placed in a 60 °C oven for approximately 2 h to dry. Subsequently, distilled water 
was added for hydration, and an ultrasonic cell disruptor (160 W, 5 min) was employed to achieve uniform dispersion of 
the nanoparticles, which yielded a clear yellow CNP solution. For long-term storage, the CNP solution was pre-frozen in 
a −80 °C freezer, followed by freeze-drying (using a freeze dryer) for approximately 24 h, ultimately yielding a clear 
yellow, loose CNP lyophilized powder.
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Characterization of CNP
Particle size, polydispersity index (PDI), and zeta potential of CNP were measured using a Malvern laser particle 
size analyzer. Briefly, the prepared CNP lyophilized powder was dissolved and diluted to a suitable concentration; 
the resulting solution was then transferred to a 1 mL sample cell. Measurements were performed by injecting the 
sample into the analyzer and conducted at room temperature (25 °C). Calorimetric analysis was conducted using 
a differential scanning calorimeter (DSC, Model DSC 214 Polyma; NETZSCH). Under a nitrogen atmosphere, an 
aluminum pan loaded with an appropriate amount of sample was heated from 50 °C to 300 °C at a rate of 10 °C/ 
min, and the DSC curve was generated from the scanning data. Wide-angle X-ray diffraction (XRD) analysis was 
performed using an X-ray diffractometer (Model Bruker D8 ADVANCE; Bruker Corporation) with scanning from 
5° to 80° at a rate of 6°/min under operating conditions of 40 kV and 30 mA. Transmission electron microscopy 
(TEM) was employed to characterize the morphological characteristics of CNP. Briefly, the CNP sample solution 
(reconstituted in water) was deposited onto a copper grid, then negatively stained with 1% (w/v) sodium 
phosphotungstate. Subsequently, the grid was imaged using a TEM to acquire images of CNP morphology.

Encapsulation Efficiency and Loading Efficiency
An equal mass (10 mg each) of CNP lyophilized powder and bulk Cur was accurately weighed. To facilitate the 
complete release and dissolution of encapsulated Cur from the nanoparticles, 5 mL of methanol was added to each 
sample. After ultrasonication for 4 min, the mixtures were appropriately diluted to prepare a CNP lipid nano
particle solution and a bulk Cur solution. Both solutions were then transferred to a centrifuge and centrifuged at 
8000 rpm for 10 min. The Cur content in each supernatant was quantified via high-performance liquid chromato
graphy (HPLC). The Cur concentration in the CNP lipid nanoparticle solution was designated as C1, and that in 
the bulk Cur solution as C2. The encapsulation efficiency (EE) of CNP was calculated using the formula below.

Separately, 10 mg of CNP lyophilized powder was accurately weighed (designated as W) and completely dissolved in a fixed 
volume of pure water. To facilitate the release of Cur encapsulated in the lipid nanoparticles, 5 mL of methanol was added to 
the resulting solution. After 4 min of ultrasonication, the mixture was appropriately diluted, and centrifugation was then 
performed at 8000 rpm for 10 min. The Cur content in the supernatant was quantified via HPLC. The measured value was 
substituted into the pre-established standard curve to calculate the exact amount of Cur in W grams of the lyophilized 
powder, which was designated as W1. The loading efficiency (LE) of CNP was calculated using the formula below.

In vitro Release
The in vitro release study was conducted via the dialysis method using an intelligent dissolution tester (ZRS-8G; 
Tianjin Tianda Tianfa Technology Co., Ltd., Tianjin, China). A total volume of 120 mL phosphate-buffered saline 
(PBS, pH 6.5) was used as the release medium to evaluate the in vitro release behavior of CNP. Given the poor 
aqueous solubility of free Cur, an appropriate amount of surfactant (0.2% Tween 80) was added to the release medium. 
Dialysis bags were each loaded with 2 mL of either CNP solution (1 mg/mL) or free Cur solution, with both solutions 
having the same Cur concentration. The release medium was maintained at 37 ± 0.5 °C under continuous stirring at 
100 rpm. At preset time points 0 h, 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h, 2 mL of dialysate was withdrawn, 
and an equal volume of fresh release medium was replenished to maintain a constant total volume. Following 
centrifugation of the collected dialysate, the Cur concentration was quantified via ultraviolet-visible (UV-Vis) spectro
scopy. For each in vitro release experiment, all collected samples were analyzed in triplicate using UV-Vis spectro
scopy. The cumulative release percentage at each time point was calculated using the pre-established standard curve, 
and the in vitro release profile was then plotted.
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Stability
To investigate the long-term storage stability of CNP freeze-dried powder, the powder was stored in a 4 °C refrigerator. 
Samples were collected at eight key time points during storage, including days 3, 5, 7, 14, 30, 60, 120 and 180. Particle 
size, PDI and zeta potential were determined to evaluate changes associated with storage. All tests were performed at 
room temperature. Three parallel samples were randomly selected at each time point. After redissolution, the samples 
were vortexed thoroughly and allowed to stand for 5 minutes to ensure uniform dispersion.

In vitro Hemolytic Analysis
To evaluate the in vivo biosafety of CNP during systemic circulation, a hemolysis assay was performed. For animal 
blood collection, fresh blood was collected from the retro-orbital venous plexus of mice. Anesthesia is first administered 
by placing mice in a closed container for nasal inhalation of isoflurane at a flow rate of 1.0 L/min. Three minutes after the 
mice inhale isoflurane, 0.3 mL of blood is collected using the inner canthus blood collection method. Immediately after 
blood collection is completed, the mice are placed back into the closed container and administered a high concentration 
of isoflurane at a flow rate of 2.0 L/min for euthanasia via excessive anesthesia. The interval between blood collection 
and the re-administration of high-concentration isoflurane for mouse euthanasia is less than 1 min. The collected blood 
was transferred to anticoagulant-containing test tubes to prevent coagulation. The blood samples were gently stirred with 
a glass rod for 5 min to inhibit fibrinogen-mediated coagulation. Subsequently, an appropriate volume of 0.9% normal 
saline was added; after gentle mixing, the mixture was centrifuged at 1500 rpm for 10 min, and the supernatant was 
carefully removed. To isolate pure red blood cells (RBCs), normal saline was added to the pellet, and this stirring and 
centrifugation cycle was repeated until the supernatant became completely colorless. The washed RBCs were resus
pended in normal saline to prepare a 2% RBC suspension, which was stored for subsequent use. CNP solutions at 
different concentrations (25 μg/mL, 50 μg/mL, 75 μg/mL, 100 μg/mL) were mixed with the 2% RBC suspension, 
alongside two control groups: a negative control (normal saline) and a positive control (ultrapure water). All mixtures 
were incubated in a 37 °C incubator to induce hemolysis. After 5 h of static incubation, all samples were centrifuged at 
1500 rpm for 10 min, and the supernatant was collected to assess the hemolysis degree of each group. The supernatant 
from each group was aspirated and transferred to a 96-well microplate. A microplate reader was used to measure the 
absorbance (denoted as A) of each well at a wavelength of 540 nm, and the hemolysis percentage (%) of each group was 
further calculated based on the absorbance data.

Cytotoxicity Study
A CCK-8 assay was employed to evaluate the effects of CNP at different concentrations on the viability of PC12 cells and 
BV2 cells. PC12 cells and BV2 cells were first resuscitated in high-glucose DMEM supplemented with 10% fetal bovine 
serum. The resuscitated cells were transferred to a cell incubator for stationary culture, and the medium was refreshed 
periodically to maintain optimal cell growth. When the cells reached the logarithmic growth phase, they were digested with 
0.25% trypsin-EDTA. After adjusting the cell concentration, the cells were seeded into 96-well plates with a strict seeding 
density of 5000 cells per well in 100 μL of medium. The seeded 96-well plate was placed in the incubator. Following 24 h of 
cell adhesion and growth, drug treatment was initiated: 100 μL of CNP solutions at gradient concentrations (10 μg/mL, 
7.5 μg/mL, 5 μg/mL, 2.5 μg/mL, 1 μg/mL) was added to each experimental well, while the blank control group received an 
equal volume of drug-free high-glucose DMEM. The treated 96-well plate was returned to the incubator for an additional 
24 h of culture. After this period, 10 μL of CCK-8 reagent was added to each well. The plate was gently shaken to ensure 
thorough mixing before being placed back in the incubator for another 4 h of incubation, allowing adequate reaction between 
the reagent and viable cells. At the end of incubation, a microplate reader was used to measure the absorbance of each well at 
a wavelength of 450 nm. Cell viability was calculated from these absorbance values, and the effects of CNP at different 
concentrations on the viability of the two cell lines were further analyzed.

Cellular Uptake
Fluorescence microscopy was used to visually assess the uptake of CNP by BV2 cells. Cur exhibits intrinsic fluores
cence, and this property enables tracking of CNP cellular uptake without additional labeling. The specific protocol was as 
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follows: BV2 cells in the logarithmic growth phase were seeded into 6-well plates at a density of 3×105 cells per well. 
Each well received 2 mL of complete culture medium, and the plates were incubated to allow 24 h of adherent growth— 
ensuring sufficient cell attachment and adaptation to the culture environment. Three experimental groups were estab
lished: a blank control group (100 μL of drug-free basal medium), CNP experimental groups at gradient concentrations, 
and Cur control groups at corresponding concentrations. For drug-treated groups, 100 μL of culture medium containing 
the respective drug (1 μg/mL, 5 μg/mL, 10 μg/mL) was added. After incubation for 2 h or 4 h, the culture medium in 
each well was gently aspirated and removed. Cells were rinsed three times with PBS (pH 7.4) to completely eliminate 
residual free drug, which prevented interference with fluorescence imaging. Subsequently, an inverted fluorescence 
microscope was used to observe intracellular fluorescence distribution, and images were acquired using the Olympus 
UC90 color imaging system to document differences in CNP uptake by cells across different time points and concentra
tions. To quantify the cellular uptake of CNP, HPLC was employed for detection. BV2 cells were seeded in 6-well plates 
and allowed 24 h of adherent growth, then treated with CNP for 4 h. Cells were harvested via scraping with a cell scraper, 
followed by centrifugation at 800 rpm for 5 min to collect the cell pellet. Cell lysis buffer supplemented with a protease 
inhibitor cocktail was added, and cells were lysed on ice for 30 min. Four volumes of methanol were added to precipitate 
proteins and extract CNP, followed by high-speed centrifugation (12,000 rpm, 4 °C) for 15 min. The supernatant was 
filtered through a 0.22 μm organic-phase filter membrane, and the CNP content in the filtrate was quantified using an 
HPLC system to further calculate the cellular uptake efficiency.

Evaluation of H2O2-Induced PC12 Cell Injury Model
PC12 cells in the logarithmic growth phase were collected and seeded into 96-well plates at a density of 5000 cells per 
well. Each well received 100 μL of high-glucose DMEM complete medium supplemented with 10% fetal bovine serum, 
and the plates were placed in a cell incubator for culture. Following 24 h of cell adhesion and growth, four experimental 
groups were established with 3 technical replicates per group: the blank control group received 100 μL of drug- and H2O2 

-free complete medium per well; the H2O2 model group received 100 μL of complete medium containing a predetermined 
concentration of H2O2 per well to induce a cellular injury model; the gradient concentration CNP intervention groups and 
Cur intervention groups each received 100 μL of complete medium supplemented with both the respective drug (1 μg/ 
mL, 5 μg/mL, 10 μg/mL) and H2O2 per well. The 96-well plate was returned to the incubator for an additional 24 h of 
culture. After this period, 10 μL of CCK-8 reagent was added to each well. The plate was gently shaken to ensure 
uniform reagent distribution before being placed back in the incubator for another 4 h of incubation. At the end of 
incubation, a microplate reader was used to measure the absorbance (A value) of each well at 450 nm. With the 
absorbance of the blank control group as the reference, the relative cell proliferation rate was calculated to evaluate the 
effects of different drug concentrations on the viability of H2O2-injured PC12 cells.

Evaluation of CORT-Induced PC12 Cell Injury Model
The CORT-induced PC12 cell injury model was established using a protocol similar to that of the H2O2-induced model. 
PC12 cells in the logarithmic growth phase were collected and seeded into 96-well plates at a density of 5000 cells per 
well. Each well received 100 μL of high-glucose DMEM complete medium supplemented with 10% fetal bovine serum, 
and the plates were placed in a cell incubator for culture. Following 24 h of cell adhesion and growth, four experimental 
groups were established with 3 technical replicates per group: the blank control group received 100 μL of drug- and 
CORT-free complete medium per well; the CORT model group received 100 μL of complete medium containing 
a predetermined concentration of CORT per well to induce a cellular injury model; the gradient concentration CNP 
intervention groups and Cur intervention groups each received 100 μL of complete medium supplemented with both the 
respective drug (1 μg/mL, 5 μg/mL, 10 μg/mL) and CORT per well. The 96-well plate was returned to the incubator for 
an additional 24 h of culture. After this period, 10 μL of CCK-8 reagent was added to each well. The plate was gently 
shaken to ensure uniform reagent distribution before being placed back in the incubator for another 4 h of incubation. At 
the end of incubation, a microplate reader was used to measure the absorbance (A value) of each well at 450 nm. With the 
absorbance of the blank control group as the reference, the relative cell proliferation rate was calculated to evaluate the 
effects of different drug concentrations on the viability of CORT-injured PC12 cells.
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Stress Model of BV2 Cells Induced by LPS
BV2 cells in the mid-logarithmic growth phase were seeded into 6-well plates and incubated for 24 h under optimal 
culture conditions. After cells had adhered and achieved good growth, the original medium was replaced with high- 
glucose DMEM containing Cur at three concentrations (1 μg/mL, 5 μg/mL, 10 μg/mL) mixed with lipopolysaccharide 
(LPS), with 3 technical replicates per group. Following 12 h of drug treatment, culture supernatants were collected after 
centrifugation in strict accordance with the standard protocol provided in the NO detection kit instructions. 
A predetermined volume of NO detection reagent was added; after sufficient reaction, a microplate reader was used to 
quantify NO levels in each group at the specified wavelength. Relative NO content in each group was calculated with 
reference to the blank control group.

The grouping and drug treatment protocols for the ROS assay were identical to those for the NO assay. After 12 h of 
treatment, culture supernatants were carefully aspirated, and cells were rinsed three times with pre-chilled PBS to remove 
residual medium components. Subsequently, an appropriate volume of ROS detection reagent was added following the 
detailed procedures outlined in the ROS detection kit instructions. After sufficient reaction, intracellular staining patterns 
were first observed under an inverted fluorescence microscope, and then a microplate reader was used to measure 
fluorescence intensity in each group. Relative ROS fluorescence intensity was calculated for each group, with results 
expressed as relative fluorescence intensity and the blank control group assigned a value of 100%.

In vivo Antidepressant Effect of CNP
Experimental animals: Male C57BL/6J mice (7 weeks old, body weight 18 ± 2 g) were purchased from Sibeifu (Beijing) 
Biology Technology Co., Ltd. All mice were housed in a specific pathogen-free (SPF) grade environment with 
a 12 h light/dark cycle. The housing conditions were controlled at a temperature of 22 ± 2°C and a relative humidity 
of 50 ± 10%. Mice had free access to standard feed and drinking water. A 1-week acclimation period was provided before 
the experiment to allow mice to adapt to the housing environment. All animal experiments were approved by the Ethics 
Committee of Chongqing University Central Hospital (NO.2502002) and performed in strict accordance with the Guide 
for the Care and Use of Laboratory Animals.

Establishment of chronic unpredictable mild stress (CUMS)-induced depression model: After acclimation to the 
environment mice were randomly divided into a blank control group and a CUMS model group. The CUMS depression 
model was established using a combination of multiple unpredictable mild stressors with a stress cycle of 42 days. The 
specific stressors included ice water swimming 24 h food deprivation 24 h water deprivation vigorous cage shaking for 
10 min centrifuge tube restraint for 2 h continuous light for 24 h continuous darkness for 24 h and noise stimulation for 
2 h among others. Two different stressors were administered daily without repeating the same stressor to maintain the 
unpredictability of stress.

Grouping and administration: After successful establishment of the CUMS model all mice were further divided into 5 
groups (n = 6 per group). The grouping and administration protocol were as follows. The blank control group received 
intranasal normal saline. The CUMS model group received an equal volume of normal saline via intranasal administra
tion. The fluoxetine (positive control) group was given fluoxetine at 10 mg/kg via intragastric gavage. The low-dose CNP 
group received CNP at 10 mg/kg via intranasal administration. The high-dose CNP group was administered CNP at 
20 mg/kg via intranasal route. The doses of fluoxetine and CNP were selected based on previously published anti
depressant studies in mice and further justified by body surface area-based dose translation from mice to humans.16,28,47 

Fluoxetine at a dose of 10 mg/kg is a classic and widely used positive control dose in mice CUMS depression models. 
According to the body surface area conversion method, the mouse doses of 10–20 mg/kg correspond to approximately 
0.81–1.62 mg/kg in humans (conversion factor = 1/12.3), which is within a reasonable and safe range for potential 
clinical application. The dosage of CNP (10 mg/kg, 20 mg/kg, calculated as curcumin) refers to the reported dosage of 
curcumin in vivo to ensure that the administration is effective and non-toxic. All drugs and normal saline were 
administered once daily for 28 consecutive days. Normal saline and drug formulations were freshly prepared before 
each administration to ensure their stability.
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Depressive-like behavior tests: After 28 days of administration three behavioral tests were conducted to evaluate 
depressive-like phenotypes in mice including open field test (OFT) forced swim test (FST) and sucrose preference test 
(SPT). All behavioral tests were performed during the light phase of the circadian rhythm with the test environment kept 
quiet. After each mouse completed the test the test apparatus was thoroughly cleaned with 75% ethanol to eliminate 
residual olfactory cues and prevent interference with subsequent test results.

Animal euthanasia protocol: Mice were placed in a closed container and anesthetized with high-concentration 
isoflurane delivered at a flow rate of 2.0 L/min. Continuous administration of isoflurane induced respiratory depression. 
Following the loss of consciousness in mice, the isoflurane concentration was maintained at 5% for approximately 
15 min. Euthanasia was confirmed by the cessation of breathing and heartbeat, loss of pupillary reflex, and absence of 
hind limb withdrawal response when the hind limb toes were pinched with tweezers.

Statistical Analysis
All data were analyzed using GraphPad Prism 10.1.2 software. Data are expressed as mean ± standard deviation (SD), 
and were based on three independent experimental replicates. For statistical analysis, Student’s t-test was used to 
compare differences between two groups, while one-way analysis of variance (ANOVA) followed by a post-hoc test 
was employed for comparisons among multiple groups. Statistical significance was defined as P < 0.05.

Results
Characterization of CNP
The development of pure drug nanoparticles, formed by the self-assembly of free drugs or bioactive molecules, has 
garnered considerable attention due to their high drug-loading capacity, straightforward preparation protocols, and nature as 
an “integrated” functional platform. Pure drug nanoparticles, however, exhibit intrinsic instability to some extent. Such 
instability renders them susceptible to premature drug release or aggregation in the complex physiological microenviron
ment; this, in turn, results in their rapid clearance and diminished therapeutic efficacy.22,26 To enhance the stability and 
biocompatibility of pure drug nanoparticles, we encapsulated the drugs by means of lipid-based carriers. However, 
nanomedicines exhibit inadequate targeting capability and face obstacles posed by membrane barriers, including the blood- 
brain barrier. Thus, we incorporated borneol into the drug delivery system to modify it, aiming to enhance the brain delivery 
efficiency of the test drug. The raw materials required for this nanoparticle are commercially available and low-cost, with 
a simple and controllable preparation process, showing great potential for subsequent scale-up production and favorable 
cost-effectiveness. In this study, we successfully prepared the targeted drug delivery system CNP, as illustrated in 
Figure 1A. The CNP solution exhibits an orange-yellow color and yields an orange-yellow powder after lyophilization, 
a hue consistent with that of curcumin powder. Subsequently, to confirm that CNP possessed an appropriate particle size, we 
conducted relevant characterization of CNP with a Malvern laser particle size analyzer. As shown in Figure 1B, CNP 
displayed an average particle size of 115.8 ± 18.3 nm and a PDI of 0.216 ± 0.015, indicating it possesses an appropriate 
particle size and excellent dispersive uniformity. Nanoparticles tend to aggregate spontaneously. Notably, a high zeta 
potential, regardless of being positive or negative, indicates strong electrostatic repulsion between individual particles, 
thereby bolstering their stability. An appropriate zeta potential enables nanoparticles to maintain stable dispersibility for an 
extended period. In the range of 5–30 mV, nanoparticles exhibit limited flocculation or only short-term stability. In contrast, 
a zeta potential below 5 mV usually leads in particle aggregation.48 As shown in Figure 1C, the zeta potential of CNP was 
measured at −27.1 mV, which indicates excellent electrostatic stability. Subsequently, the UV absorption behavior of CNP 
was determined. As shown in Figure 1D, full-wavelength scanning was performed on both the bulk drug employed in this 
study and the targeted formulation CNP. Within the wavelength range of 300–550 nm, the maximum UV absorption of Cur 
occurred at approximately 428 nm. The UV absorption profile of CNP was essentially consistent with that of Cur, while no 
UV absorption was detected for excipients at this wavelength. This allows the maximum absorption wavelength to be 
directly used for detection when establishing the HPLC methodology for drug solubility, thereby laying a solid foundation 
for the subsequent determination of drug release.
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Morphological Characterization of CNP
DSC analysis (Figure 2A) showed that Cur had a melting point of 184.85 °C, while blank nanoparticles (drug-free) 
exhibited a glass transition temperature of 58.49 °C. For the CNP group, the characteristic endothermic peak of Cur 
disappeared, suggesting that drug molecules were successfully encapsulated in the hydrophobic core of lipid-based 
materials. XRD scanning (Figure 2B) revealed that Cur crystals had multiple signal peaks in the 5°–30° range, with the 
strongest characteristic signal peak occurring at 20°. In the CNP curve, the characteristic diffraction peaks of Cur were no 
longer detectable This indicated that Cur had converted to an amorphous state in CNP, thereby further confirming that drug 
loading was successful. Subsequently, the physical morphology of CNP was further observed directly via TEM. As shown 
in Figure 2C, CNP exhibited a nanoscale spherical-like morphology, with an approximate particle size of 100 nm and 
relatively uniform size and distribution. Natural small molecules typically self-assemble spontaneously into stable pure 
drug nanoparticles via non-covalent intermolecular interactions, including hydrophobic interactions, π-π stacking, hydro
gen bonding, electrostatic forces, and coordination interactions.49 Thus, no new functional groups are generated. However, 
encapsulation by lipid membranes may mask the characteristic peaks of small molecules. As shown in the FT-IR curve 
(Figure 2D), Cur exhibits FT-IR characteristic peaks at 1627, 1508 and 1430 cm−1. However, these peaks are largely 
masked in CNP. Meanwhile, the characteristic peaks of the excipients HSPC and DSPE-mPEG2000 were observed at 2920 
and 1115 cm−1. Furthermore, phospholipids are widely acknowledged to possess a unique ability for spontaneous self- 
assembly in aqueous environments. To reduce edge exposure, lipid segments bend spontaneously to form curved discs. This 
curvature reduces boundary interaction energy and optimizes system free energy by exposing hydrophilic moieties to water 
while shielding hydrophobic regions. CNP in this study also exhibited similar morphological characteristics. The size of 
nanoparticles is a key factor influencing their ability to cross the BBB. Studies have demonstrated that the smaller their size, 
the greater their ability to permeate the BBB. However, nanoparticles smaller than 5 nm are more prone to filtration and 

Figure 1 Characterization results of CNP. (A) Digital images of blank nanoparticles and CNP (solution and freeze-dried powder). (B) Particle size distribution profile of 
CNP as determined by a Malvern particle size analyzer. (C) Zeta potential profile of CNP as determined by a Malvern particle size analyzer. (D) UV scanning spectra of CNP 
and other excipients. (�x� s, n = 3).

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S611765                                                                                                                                                                                                                                                                                                                                                                                                       9

Chen et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



elimination by the liver, whereas those larger than 200 nm are largely unable to cross the BBB.50 In this study, CNP had an 
approximate particle size of 100 nm, indicating it had a relatively suitable size for BBB penetration.

In vitro Release and Stability Study
After successfully preparing CNP, we first determined the LE and EE of the system. As shown in Figure 3A, we 
established a standard curve for Cur solubility using full-wavelength UV scanning data. Measurements showed that CNP 
achieved an EE of 86.11% and a LE of 6.62%. Subsequently, we assessed the drug release profile of CNP via the dialysis 
method. As shown in Figure 3B, Cur exhibited a burst release pattern: at 8 h, its cumulative release rate reached 83.97 ± 
2.88%, and it had essentially reached release equilibrium by this time. In contrast, the CNP group showed distinct phase- 
dependent characteristics of drug release. Specifically, CNP released the drug rapidly in the first 8 h, with a cumulative 
release rate of 48.76 ± 2.72%; thereafter, a slow-release phase was observed. By 24 h, the cumulative release rate had 
increased to 65.62 ± 2.43%, confirming that the system exhibited sustained release behavior. The drug release curve 
shows that CNP exhibits significantly delayed drug release. Typically, pure drug nanoparticles have a relatively fast 
release rate due to the supramolecular physical properties of self-assembled drugs. However, benefiting from encapsula
tion within lipid-based carriers and the “stealth” property imparted by PEG chains that form a hydrophilic shell, the 
systemic circulation time of the nanosystem is significantly prolonged.51 Accordingly, lipid-based nanomedicines exhibit 
a biphasic release process. In the initial phase, the drug is released via diffusion from the lipid matrix, a release trend 
which is similar to that of bulk Cur. In the subsequent phase, as the lipid-based carriers themselves degrade, drug 
entrapped within the lipid membrane is gradually released. This characteristic further underscores the capacity of lipid- 
based carriers to facilitate sustained drug release while preventing the oxidation and premature degradation of Cur.

The stability investigation results of CNP are presented in Figure 3C. CNP freeze-dried powder maintained excellent 
stability at 4 °C (low temperature). Its particle size, PDI and zeta potential remained relatively stable for 120 days. After 
180 days of storage, particle size and PDI increased slightly. The absolute value of zeta potential decreased. The 

Figure 2 Morphological characterization of CNP. (A) DSC thermograms of CNP. (B) X-ray diffraction patterns of CNP. (C) The TEM images of CNP. (D) Fourier transform 
infrared spectroscopy of CNP.
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nanoparticles still remained within the ideal nanoscale range. They maintained satisfactory stability throughout the 
storage period. This phenomenon can be explained by the structural characteristics of self-assembled nanoparticles. Self- 
assembled nanoparticles composed of pure drugs mainly depend on intermolecular non-covalent forces. These forces 
include intermolecular hydrophobic interactions, π-π stacking and hydrogen bonding. These non-covalent bonds exhibit 
weak binding affinity. They are susceptible to interference from external factors. After encapsulation with lipid-based 
carriers, the nanoparticles gain effective protection from lipid bilayers. This protective effect results in significantly 
enhanced stability compared to pure curcumin self-assemblies.

Cytotoxicity and Biocompatibility
Since this study aimed to deliver CNP to the brain, we first selected PC12 cells and BV2 cells to assess the cytotoxicity 
of CNP. This selection allowed us to preliminarily evaluate both the cytocompatibility of CNP and its cellular uptake 
rate, without confounding cytotoxic effects. As shown in Figure 4A and B, within the drug concentration range of 1– 
10 μg/mL, PC12 cells and BV2 cells maintained a healthy growth state 24 h after treatment with either free Cur or CNP. 
The relative cell viability of each treatment group exhibited no significant differences compared with the blank control 
group, which indicates that CNP has good cellular safety. This non-cytotoxic concentration range is ideal for subsequent 
cellular uptake studies.

Subsequently, the hemolysis rate of CNP was tested. In general, a hemolysis rate of less than 5% is regarded as non- 
hemolytic, indicating good safety, whereas a rate exceeding this threshold signifies inherent toxicity. As shown in 
Figure 4C, the negative control group showed a colorless, transparent solution with a hemolysis rate of 0%, whereas the 
positive control group exhibited a bright red solution with a hemolysis rate of 100%. Four CNP concentration groups 
were established, with concentrations ranging from 25 to 100 μg/mL. Although the hemolysis rate increased slightly as 

Figure 3 CNP exhibits a capacity for sustained drug release. (A) Solubility standard curve of Cur. (B) Release profiles of Cur and CNP in PBS release medium (pH 7.4) over 
24 h. (C) Changes of particle size, PDI and zeta potential (absolute value) of CNP freeze-dried powder stored at room temperature (25 °C) for 180 days. (�x� s, n = 3).
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CNP concentration increased, all values remained far below 5%. At the highest concentration of 100 μg/mL, the 
maximum hemolysis rate was 0.16 ± 0.6%. This observation may be attributed to electrostatic interactions between 
the negative charge of CNP and the positively charged phosphocholine lipids on the outer membrane of red blood cells. 
However, even at the maximum tested concentration of 100 μg/mL, the hemolysis rate remained extremely low, which 
confirms that CNP nanoparticles possess excellent biocompatibility.

Cellular Uptake
When drugs reach target cells, their intracellular journey begins with cellular uptake, which typically takes place through 
endocytosis.51 For many drug delivery systems, the cytoplasm acts as the final destination for the effective payload. Owing 
to its intrinsic fluorescent properties, Cur enables observation of cellular drug uptake via fluorescence microscopy, 
eliminating the need for additional fluorescent dyes. As shown in Figure 5A, Cur emits green fluorescence, and following 
cellular uptake, it localizes predominantly in the cytoplasm. We quantified the cellular uptake rate via HPLC (Figure 5B). 
Under the same administration concentration and treatment duration, the fluorescence intensity in the CNP group was 
higher than that in the corresponding free Cur group. Furthermore, when comparing 2 h and 4 h treatment durations, the 
cellular uptake rate increased with the prolongation of treatment time. At 4 h, the cellular uptake rate of the CNP group 
reached 41.47 ± 1.45%, which is more than twice the 17.21 ± 0.54% observed in the Cur group. The composition and 
structure of lipid-based carriers enable the regulation of in vivo drug activity, including biodistribution in specific cells, 
cellular uptake, the extent of intracellular drug release, and drug functionality.52 Existing studies have demonstrated that 
incorporating a phospholipid bilayer into drug-only nanoparticles enhances their cellular uptake and alters their intracellular 
processing.32 Additionally, the binding or adsorption of Bor to the cell membrane inhibits P-glycoprotein mediated efflux, 

Figure 4 CNP exhibit favorable cellular safety and biocompatibility. (A) Effects of CNP at gradient concentrations on the relative growth rate of PC12 cells, and digital 
images of representative cells at each concentration. (B) Effects of CNP at gradient concentrations on the relative growth rate of BV2 cells, and digital images of 
representative cells at each concentration. (C) Quantitative results and digital images of the CNP hemolysis assay at gradient concentrations. (�x� s, n = 3).
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increases membrane fluidity, and promotes the ordered arrangement of phospholipid molecules.53 These effects collectively 
contribute to increased cellular drug uptake and prolonged intracellular drug retention. Notably, prolonged intracellular 
drug concentration and retention time suggest that the drug may exhibit stronger biological activity.

Neuroprotective Effect
Following the successful preparation and systematic characterization of the physicochemical properties of CNP, we 
preliminarily evaluated the biological effects of this nanomaterial. The incidence of depression is closely associated with 
dysfunction of the HPA axis. Notably, patients with depression often exhibit elevated serum cortisol levels. 
Correspondingly, exogenous administration of high-dose CORT can induce changes in behavior, neurochemistry, and 
brain anatomy. Separate studies have shown that exposure to an environment with elevated CORT levels can induce 
depressive-like behaviors in mice. Classic monoaminergic antidepressants, including Flu and imipramine, have been 
shown to prevent CORT-induced depressive-like behaviors in mice. They also restore abnormal cellular changes in the 
hippocampus of mice with depressive-like phenotypes.54,55 Furthermore, the brain has high oxygen consumption and 
a lipid-rich microenvironment. This makes it highly sensitive to oxidative stress or redox imbalance.56 Under conditions 
of oxidative stress, strong oxidants such as H2O2 far exceed the brain’s clearance capacity. Consequently, high 
concentrations of these oxidants are frequently detected in patients with depression. Existing studies have demonstrated 
effective antidepressant effects by reducing H2O2 levels and restoring redox homeostasis.57 Therefore, to investigate 

Figure 5 CNP exhibit enhanced uptake efficiency by BV2 cells. (A) Digital images of CNP uptake by BV2 cells. (B) At the 2nd and 4th hours, the uptake efficiency of BV2 
cells for Cur and CNP was determined respectively. ****P < 0.0001. (�x� s, n = 4).
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whether CNP exhibits cellular protective capacity like or greater than that of Cur, we first evaluated the pharmacody
namic effects of CNP using an established in vitro antidepressant model. This model was primarily made up of two cell 
injury models. These two models were one induced by CORT and the other by H2O2. As shown in Figure 6A, CORT 
treatment led to a significant reduction in the relative cell growth rate, which decreased to 41.19 ± 0.52%. As CNP was 
added and its concentration increased, the protective effect of CNP against CORT-induced cell injury gradually enhanced. 
When the CNP concentration reached 10 μg/mL, the relative cell growth rate was restored to 85.18 ± 0.58%. At all tested 
concentrations, CNP exhibited stronger biological activity than Cur at the corresponding concentration. This observation 
may be attributed to two key factors. The first is that CNP has a higher cellular uptake rate than Cur. The second factor is 
that CNP’s self-assembly property may enhance its binding affinity to drug targets. Both of these factors work together to 
contribute to CNP’s stronger pharmacological efficacy. Similarly, as shown in Figure 6B, H2O2 treatment caused 
a significant decline in the relative cell growth rate, which dropped to 29.41 ± 1.75%. Following the addition of either 
Cur or CNP, the relative cell growth rate increased significantly. Consistent with observations in the CORT model, CNP 
showed stronger biological activity than Cur when administered at the same concentration.

In vitro Anti-Inflammatory Activity Study
Numerous studies have shown that the occurrence and development of depression are closely associated with the regulation 
of neuroinflammation. As one of the most critical cell types for regulating immune inflammation in CNS, microglia can 
release a series of pro-inflammatory cytokines. These include IL-1β, IL-6, and TNF-α. These cytokines contribute to the 
establishment of a chronic inflammatory environment in the brain. This environment then leads to the massive accumulation 
of neurotoxic substances such as NO and ROS. Ultimately, this accumulation causes neuronal damage and compromises 
synaptic function.58 As a pro-inflammatory agent, LPS can significantly upregulate the expression of IL-6 mRNA in the brain 
and induce depressive-like behaviors. Developing antidepressant agents by modulating neuroinflammation is therefore 
a highly promising strategy.59 For this reason, we used the LPS-induced BV2 microglial stress model to evaluate the effects 
of CNP. As shown in Figure 7A, following LPS treatment, NO release in the model group increased by approximately 3-fold. 
After treatment with Cur or CNP, this upward trend in NO release was significantly reversed. Notably, compared with the 
Cur-treated group, the CNP group exerted a stronger inhibitory effect on NO release at the corresponding drug concentration. 
Similar to its inhibitory effect on NO release, CNP also modulated ROS levels. This observation is clearly supported by 
Figure 7B and C. Following LPS treatment, the ROS fluorescence intensity in cells of the model group was significantly 
higher than that in cells of the blank control group. After CNP treatment, the ROS fluorescence intensity was significantly 

Figure 6 CNP exhibit an enhanced neuroprotective effect. (A) Viability recovery effect of Cur and CNP at gradient concentrations on BV2 cells after injury induced by 
CORT. (B) Viability recovery effect of Cur and CNP at gradient concentrations on BV2 cells after injury induced by H2O2. (�x� s, n = 3).
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reduced and exhibited a concentration-dependent pattern. As the CNP concentration increased, the inhibitory effect on ROS 
became stronger. These observations were further validated by the quantitative results presented in Figure 7B.

In vivo Antidepressant Effect
Following preparative characterization and preliminary in vitro activity assessment confirming CNP’s potent antidepres
sant potential, we further evaluated CNP’s in vivo antidepressant efficacy using the CUMS-induced depression model. 
Fluoxetine (Flu), a first-line clinical drug for depression treatment, served as the positive control. As presented in 

Figure 7 CNP inhibits LPS-induced microglial cytotoxic substances release. (A) Inhibition of NO release from BV2 cells by Cur and CNP at gradient concentrations after 
stress induction by LPS. (B) Inhibition of ROS release from BV2 cells by Cur and CNP at gradient concentrations after stress induction by LPS. (C) Fluorescence images 
demonstrate CNP-mediated inhibition of ROS production. (�x� s, n = 4).
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Figure 8A–C, in the open field test (OFT), compared with the blank control group, CUMS-induced depressed mice 
exhibited significantly shortened total travel distance (2090.82 ± 165.27 cm vs 934.87 ± 170.16 cm, P < 0.01). Similarly, 
their central zone travel distance was also markedly reduced (134.06 ± 22.62 cm vs 10.80 ± 9.44 cm). Flu intervention 
significantly enhanced the locomotor activity of depressed mice. This was evidenced by notable increases in both total 
travel distance (1557.24 ± 136.54 cm) and central zone travel distance (91.91 ± 18.04 cm). This ameliorative effect was 
further enhanced following CNP administration and exhibited a concentration-dependent pattern with increasing CNP 
dosage. The low-dose CNP group showed superior improvement compared with the Flu group. Mice in the high-dose 
CNP group achieved a central zone travel distance of 120.66 ± 16.66 cm, which showed no significant difference from 
the blank control group. Subsequently, we assessed the mice’s performance in the forced swim test (FST). The FST 
reflects the mice’s will to survive. Depressed mice typically show reduced struggle motivation, manifested as prolonged 
immobility time. Test results are presented in Figure 8D. Mice in the CUMS group exhibited an immobility time of 
206.07 ± 23.17 s. Flu, low-dose CNP and high-dose CNP all significantly reversed the immobility phenotype of 
depressed mice in this test. Among these, the high-dose CNP group exerted the strongest effect, shortening the 
immobility time to 97.92 ± 26.25 s. We also evaluated the mice’s depressive-like behaviors using the sucrose preference 
test (SPT), with results shown in Figure 8E. The model group displayed comparable consumption of sucrose solution and 
plain water, resulting in a sucrose preference rate of 52.95 ± 4.98%. After drug intervention, all treatment groups showed 
varying degrees of recovery, and no significant differences were observed among these three groups. Collectively, the 
behavioral test results demonstrate that in CUMS-induced depressed mice, CNP administered at 20 mg/kg exerted a more 
potent antidepressant effect than the clinical first-line drug Flu.

Limitation
In the present study, we adopted the classic CUMS model, which represents the most widely accepted and authoritative paradigm 
for studying depression and evaluating the antidepressant efficacy of nanomedicines, and it has been extensively applied in most 
available studies to assess antidepressant therapeutic effects. Although the CUMS model exhibits favorable stability and 
representativeness and can effectively mimic the core symptoms of depression, it still has certain limitations. First, a single 
CUMS model cannot fully recapitulate the heterogeneous characteristics of human depression, which may lead to certain 
deviations in the clinical translation of research conclusions. Second, only the CUMS model was used in this study, and cross- 
validation with other depression models (such as the chronic social defeat stress model and LPS-induced depressive inflamma
tory model) was not performed. In addition, detection of a broader range of neuro-molecular mechanism-related indicators would 
more comprehensively reveal the complete molecular pathway underlying the antidepressant action of CNP. Although our study 
has verified the promising antidepressant effect of intranasal curcumin nanoparticles in animal models, the potential side effects 
and biosafety remain to be further clarified. For future clinical translation, intranasal administration of nanoparticles may bring 
putative adverse effects, including nasal mucosal dryness, local irritation, mild inflammatory reaction, and possible residual 
accumulation of nanocarriers in the nasal cavity and olfactory pathway. Therefore, comprehensive mucosal compatibility, acute 
and chronic toxicity tests, as well as in vivo biodistribution safety evaluation are required in subsequent studies to ensure the 
clinical applicability and safety of this nasal nano-formulation. Finally, this study only focused on the standalone antidepressant 
effect of curcumin nanoparticles and did not explore their application as adjuvant therapy in combination with clinically used 
antidepressants. Verifying the synergistic or complementary effects of curcumin nanoparticles combined with these clinical 
drugs, and exploring the optimal dose ratio, administration route and potential interaction mechanism of the combined 
administration strategy, will provide more comprehensive preclinical evidence for their clinical application as adjuvant therapy 
for depression and further improve the clinical translational value of curcumin nanoparticles.

Conclusion
In this study, lipid-based nanoparticles (CNP) with enhanced brain delivery efficiency were fabricated via the self-assembly 
of Cur, followed by encapsulation within lipids and modification with borneol. After systematic structural characterization of 
CNP via techniques such as DSC, XRD, and TEM, cellular uptake experiments, evaluation of multiple in vitro antidepressant 
models, and in vivo studies using the CUMS-induced depressive mouse model collectively demonstrated that CNP exhibits 
enhanced brain delivery efficiency, favorable biocompatibility, and potent antidepressant effects. In general, this work 
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Figure 8 Effects of CNP on depressive-like behaviors in CUMS-induced depressed mice. (A) The representative movement trajectory map of mice in each group within the 
open field test chamber. (B) The total movement distance of mice in each group in the open field test chamber. (C) The total movement distance of mice in each group 
within the central area of the open field test chamber. (D) The immobility time of mice in each group during the forced swim test. (E) The sucrose preference values of mice 
in each group from the sucrose preference test. *P < 0.05, **P < 0.01, ***P < 0.001. (x ± s, n = 6).
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presents a simple and effective strategy for constructing a lipid-based nanodelivery system for pure curcumin nanoparticles. 
Importantly, intranasally administered CNP shows strong potential as a brain-targeted antidepressant, offering a novel and 
promising platform for enhancing the brain delivery of therapeutics for MDD. More importantly, the potent antidepressant 
activity of intranasally administered CNP highlights its great potential as a safe and effective alternative for the clinical 
management of MDD. This nanodelivery strategy offers a promising and translatable avenue for the development of brain- 
targeted therapeutics, not only for MDD but also potentially for other central nervous system disorders characterized by 
impaired drug delivery to the brain. Therefore, the present study provides valuable insights and a reliable technical 
foundation for accelerating the clinical translation of novel nanomedicines for neuropsychiatric diseases.
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