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Abstract
Background Brain-derived neurotrophic factor (BDNF) with neuronic development and function is a promising 
therapeutic agent for treating depressive disorder, according to the neurotrophin hypothesis. However, the delivery of 
BDNF into the brain is not easy as these large protein molecules cannot efficiently cross the blood-brain barrier (BBB) 
and easily suffer oxidative damage in vivo. Therefore, the quercetin-based alginate nanogels (quercetin nanogels) 
loaded with BDNF have been developed, which could efficiently bypass the BBB via the nose-to-brain pathway 
and protect BDNF from oxidative damage, providing an effective route for the therapy of depressive disorders by 
intranasal delivery.

Results Quercetin nanogels exhibited uniform size distribution, excellent biocompatibility, and potent antioxidant 
and anti-inflammatory activities. Quercetin nanogels in the thermosensitive gel achieved sustained and controlled 
release of BDNF with non-Fick’s diffusion, exhibited rapid brain distribution, and achieved nearly 50-fold enhanced 
bioavailability compared to oral quercetin. Quercetin nanogels as a therapeutic drug delivery carrier exerted 
antidepressant effects on reserpine-induced rats, effectively delivered BDNF to reverse despair behavior in stress-
induced mice, and exhibited antidepressant effects on chronic mild unpredictable stimulation (CUMS) rats. 
These antidepressant effects of BDNF-Quercetin nanogels for CUMS rats are associated with the regulation of the 
glutamatergic system, PI3K-Akt, and BDNF-TrkB signaling pathway.

Conclusions In this study, we provide a promising strategy for brain delivery of BDNF for treating depressive 
disorders, effectively achieved through combining quercetin nanogels and intranasal administration.

Highlights
 • Natural antioxidant quercetin-based alginate nanogels protect BDNF from oxidative damage and have a quick 

brain distribution.
 • Intranasal quercetin nanogels exhibit significantly higher bioavailability compared to oral quercetin.
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Introduction
Depressive disorder is a globally prevalent mental 
health condition affecting over 264  million individuals. 
It is characterized by persistent sadness and a marked 
loss of interest or pleasure in previously rewarding and 
enjoyable activities [1]. According to the inflammatory 
theory of depression, compared to healthy individu-
als, depressed ones have a higher level of inflammation 
and an association with chronic inflammation. Individu-
als with depression have some inflammatory symptoms, 
such as peripheral and central inflammation, which are 
produced by altering brain-derived neurotrophic factor-
tyrosine kinase receptor b (BDNF-TrkB) pathway in the 
brain region such as the prefrontal cortex, hippocampus, 
and nucleus accumbens [2]. BDNF, a crucial biomarker 
for the pathogenesis of depression, is also a valuable mea-
sure of the difference between healthy and depressed 
individuals. Reduced and elevated BDNF concentra-
tions are linked to synaptic plasticity, neuronal atrophy, 
and survival and neuronal differentiation, respectively 
[3]. The deprivation of BDNF also increases inflamma-
tory levels and susceptibility to behavioral and cogni-
tive consequences in stress-induced mice [4]. Hence, 
exogenously supplying BDNF is a promising strategy for 
treating depressive disorder. Given the impracticality of 
intraventricular injections of BDNF for clinical appli-
cation, extensive research is being conducted on local 
BDNF delivery via hydrogel systems or nanoscale car-
riers [5–7]. Delivering BDNF to the brain seems to be a 
hopeful treatment, but it poses challenges due to the lim-
ited ability of large protein molecules to traverse the BBB 
effectively and is easy to suffer in vivo oxidative damage. 
Hence, a better delivery strategy is essential.

All the time, due to the restriction of BBB on the deliv-
ery of therapeutics into the brain, intranasal delivery, 
as a noninvasive strategy of drug delivery, had become 
a potential therapy for brain diseases, such as protein 
delivery [8]. Intranasal delivery of neurotrophic factors 
has great clinical potential, such as simplicity, noninva-
sive, rapid, etc. [9, 10]. Intranasal drug administration can 
deliver drugs directly to the brain via the nose-to-brain 
pathway, further diffusing into other brain regions from 
beginning points of brain entry and attaining better ther-
apeutic effects [11]. In 2019, the Food and Drug Admin-
istration (FDA) approved esketamine, a breakthrough 
intranasal antidepressant characterized by rapid relief 
of depressive symptoms. Esketamine represents a new 

therapeutic approach for people suffering from depres-
sion that does not respond to conventional treatments 
[12–14]. Based on this fact, BDNF was intranasally deliv-
ered to the brain, further would attain significant antide-
pressant effects.

Quercetin, as a natural antioxidant with antidepres-
sant effects, is used to protect BDNF from in vivo oxida-
tive damage and increases the antidepressant activities 
of BDNF. However, quercetin has poor water solubility, 
low bioavailability, poor permeability, and stability, which 
presents a limitation for biomedical applications [15]. 
Nanotechnology-based drug delivery systems contrib-
ute to improving poor solubility, rapid degradation, and 
transient biological activities but also selectively accu-
mulate by targeting tissues, further reducing side effects 
[16, 17]. As reported in our previous studies, we have 
designed a “material-drug” structural nanodrug delivery 
system constructed by alginate and quercetin. The low 
solubility and bioavailability of quercetin, as a crosslinker 
and therapeutic drug, is improved by quercetin-alginate 
nanogels that present an antioxidant and protective effect 
in vitro and a remarkable ability to reverse the damage 
caused by oxidative stress in acute lung injury (ALI) rats 
[18]. Therefore, quercetin-alginate nanocarriers would 
be a promising choice to overcome the poor solubility of 
quercetin and deliver BDNF protein.

Although intranasal delivery had significant advan-
tages like ease of administration, improved bioavailabil-
ity, avoidance of first-pass metabolism, rapid-onset, and 
high patient compliance, the drug had a short residence 
time in the nasal cavity [19]. Environmentally responsive 
hydrogel is a good idea for drug delivery, such as ther-
mosensitive network hydrogel [20]. In particular, ther-
mosensitive hydrogels prepared by poloxamers showed a 
controlled in situ release for therapeutics [21], which is 
suitable for intranasal delivery.

Herein, we construct the quercetin-based alginate 
nanogels (quercetin nanogels) loaded with BDNF (BDNF-
quercetin nanogels) composed of thermosensitive gel 
for the combination therapy of depression by intranasal 
delivery (Fig.  1). BDNF-quercetin nanogels in thermo-
sensitive gel present more prospects: (i) Natural antioxi-
dant quercetin protects BDNF from oxidative damage. 
(ii) Quercetin nanogels attain a quick brain distribution 
and help to achieve the release of BDNF in a sustained 
and controlled manner. (iii) Increasing antidepressant 
effects on stress-induced mice and rats. Moreover, the 

 • BDNF-Quercetin nanogels in thermosensitive gel release BDNF and quercetin in a sustained and controlled 
manner.

 • BDNF-Quercetin nanogels in thermosensitive gel have significant antidepressant effects on stress-induced 
mice and rats.
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antidepressant mechanisms of BDNF-quercetin nanogels 
on chronic mild unpredictable stimulation (CUMS) are 
investigated.

Results and discussions
Characterizations of quercetin nanogels and BDNF-
Quercetin nanogels
According to the property that divalent cations bridge 
alginate by chain-chain association, the forming junc-
tion zones can encapsulate the poorly soluble drug [22]. 
Quercetin has vigorous antioxidant activities, but its sol-
ubility is poor, resulting in low bioavailability. Therefore, 
many nano-preparations, such as nanofibers [23], nano-
gels [24], and nanovesicles [25], were used to improve 
their poor bioavailability. To solve the same problem, 
quercetin nanogels as antioxidant carriers were prepared 
using zinc alginate based on a phase inversion emulsifica-
tion method.

The morphology and particle size of quercetin nanogels 
were observed using transmission electron microscopy 
(TEM) and phase-analysis light scattering (PALS). The 
well-formed spherical quercetin nanogels (Fig.  2a), with 
a particle size of 76.34 ± 2.34  nm and zeta potentials of 
-14.48 ± 0.90 mV, presented transparent and yellow.

Differential scanning calorimetry (DSC) profiles pro-
vide valuable insights into the physical condition of the 
incorporated drug within the blend and the composite 

structure [26]. As depicted in Fig. 2b, quercetin exhibited 
an endothermic peak concurrent with a melting point at 
approximately 318 ºC, followed by an exothermic peak. 
Contrarily, sodium alginate and quercetin nanogels 
showed no peaks within the same temperature range. The 
absence of corresponding peaks in the quercetin nanogels 
suggested that quercetin was successfully encapsulated 
into quercetin nanogels, as inferred from the compara-
tive analysis of the DSC profiles of the three components. 
Fourier-transform infrared spectroscopy (FT-IR) was 
shown in Fig.  2c. The band of quercetin-OH stretching 
appeared at 3300–3500 cm− 1. Quercetin had three sharp 
peaks, 1410− 1  cm, 1382− 1  cm, and 1263− 1  cm. Mean-
while, a similar peak of quercetin was presented at the 
quercetin nanogels, showing that quercetin was encapsu-
lated into nanogels. By analyzing the characterization of 
particle size, TEM, DSC, FT-IR, Confocal micro-Raman 
spectroscopy (FigureS1a), and X-ray diffraction analysis 
(Figure S1b), the results demonstrated that quercetin 
nanogels, as a nanocarrier, were successfully prepared 
and quercetin was constructed into alginate nanogels 
using the method of phase inversion emulsification. 
Next, the loading capacities of quercetin and BDNF were 
determined using high-performance liquid chromatogra-
phy and BDNF Emax immunoassay system, respectively. 
These results demonstrated the successful encapsulation 

Fig. 1 Design strategy and antidepressant mechanism of BDNF-Quercetin nanogels in the thermosensitive gel
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of quercetin and BDNF within the nanogels, with loading 
capacities of 1.1 ± 0.02% and 0.018 ± 0.001%, respectively.

It was reported that oxidative stress suppressed and 
damaged the level of trophic factors such as BDNF [27]. 
Meanwhile, quercetin and its complexes with antioxidant 
activities had been widely applied for medicinal applica-
tions [28]. Therefore, as an antioxidant, quercetin pro-
tects BDNF delivery for brain delivery. It was indicated 
in Fig.  2d that protein induced by H2O2 had oxidative 
damage and a low absorbance when compared to protein 
combined with quercetin. Quercetin nanogels, compared 
to quercetin solution, also significantly improve anti-
oxidant capacity with increasing concentration (Fig. 2e). 
These in vitro results suggested that quercetin, particu-
larly quercetin nanogels, can be an antioxidant protein 
carrier that effectively prevents the protein from oxida-
tive damage.

To verify whether quercetin was involved in construct-
ing quercetin nanogels, the release behavior of querce-
tin nanogels was investigated using release media. The 

cumulative release rate of quercetin was 24.87 ± 1.87% 
in 0.1  M Tris-HCl (pH 7.4), 54.22 ± 2.02% in 0.1  M 
phosphate-buffered saline (PBS, pH 7.4), 34.21 ± 2.32% 
in 0.1 M Tris-HCl (pH 8.0), 6.67 ± 1.32% in 0.01 M Tris-
HCl (pH 7.4), and 74.03 ± 1.32% in 1  M Tris-HCl (pH 
7.4) (Fig.  2f ). The cumulative release rates were modu-
lated by varying the concentration and pH of Tris-HCl, 
which altered the release media’s osmotic pressure and 
ionic concentration. These results suggested that querce-
tin was not entirely released from quercetin nanogels. By 
collecting the remaining quercetin nanogels in the 0.1 M 
PBS (pH 7.4) and lysing them with sodium citrate, the 
quercetin content was found to be approximately 30%. 
The results showed that part of quercetin participated in 
the system construction of quercetin nanogels, strength-
ening the cross-linking between molecular chains and 
making the quercetin nanogels resistant to dissolution. 
The release behavior of BDNF-Quercetin nanogels is 
shown in Fig. 2g. After 12 h, the cumulative release rates 
of BDNF in 0.1 M PBS (pH 7.4) and 0.1 M Tris-HCl (pH 

Fig. 2 Characterization of quercetin nanogels and BDNF-Quercetin nanogels. (a) TEM image of quercetin nanogels (Left). Scale bar, 500 nm. The magni-
fied TEM image of quercetin nanogels (Right). Scale bar, 100 nm. (b) The differential scanning calorimetry (DSC) patterns of quercetin nanogels. (c) The 
Fourier-transform infrared spectroscopy (FT-IR) of quercetin nanogels. (d) The protective effect of quercetin on H2O2-induced protein. (e) Antioxidant 
activities of quercetin nanogels. (f) Cumulative release profiles of quercetin nanogels. (g) Cumulative release profiles of BDNF-Quercetin nanogels
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7.4) were 64.58 ± 1.29% and 39.40 ± 1.65%, respectively, 
which is because BDNF is more water-soluble and can 
freely diffuse into the release media. Finally, the cumula-
tive release rate of BDNF reached 98.93 ± 1.98% in 0.1 M 
PBS (pH 7.4) and 55.87 ± 1.99% in 0.1  M Tris-HCl (pH 
7.4), respectively, showing that monovalent cations of the 
release medium facilitate the release of BDNF. Overall, 
quercetin nanogels mainly release BDNF through free 
diffusion and ion exchange in the release medium.

Characterization of BDNF-Quercetin nanogels in the 
thermosensitive gel
According to our previous studies, the nanogels-based 
thermosensitive hydrogel facilitates the improvement 
of the antidepressant effects of the drug by immobiliz-
ing the therapeutic agents locally in the nasal cavity 
and releasing them continuously [29, 30]. Hence, the 

temperature-sensitive property of quercetin nanogels in 
the thermosensitive gel was investigated by rheological 
analysis, which indicated the effects of poloxamer 407 (P 
407) and P 188 on gelling temperature. The loss modulus 
(G’’) dominated storage modulus (G’), which suggested 
that thermosensitive gel was flowing, conversely forming 
an entangled network and viscous-like gels. For quercetin 
nanogels in the thermosensitive gel, the loss and storage 
modulus had the same modulus as gelling temperature, 
such that G′ was almost equal to G″ [31]. It was observed 
in Fig. 3a that gelling temperature with increased P 407 
had a decreased tendency, but P 188 was the opposite. 
The G′ at about 30  °C presented a dramatic decrease, 
indicating the solution-gelation transition of quercetin 
nanogels in the thermosensitive gel. Gelation tempera-
ture adapted to intranasal delivery when P 407 and P 
188 closed to the ratio of 16 to 2, approximately 30.3 ºC. 

Fig. 3 The characterization of BDNF-Quercetin nanogels in the thermosensitive gel. (a) Rheological behavior of quercetin nanogels in the thermosensi-
tive gel (P 407 / P 188, w/w). (b) The appearance of quercetin nanogels in the thermosensitive gel. (c) Cumulative release profiles from BDNF-Quercetin 
nanogels in the thermosensitive gel
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Quercetin nanogels in the thermosensitive gel presented 
a flowing state at 25 ℃, whereas a non-flowing form at 37 
℃ (Fig. 3b).

The release behaviors of BDNF-Quercetin nanogels 
in the thermosensitive gel were investigated by PBS (pH 
7.4). Cumulative release profiles and fitting analysis were 
indicated in Fig. 3c and Table S1, respectively. The release 
kinetics of BDNF-Quercetin nanogels were analyzed by 
computing the kinetic constant. The release kinetics of 
quercetin and BDNF were found to obey the first-order 
release curve, following the Ritger-Peppas model. These 
results indicated that the remaining BDNF-Quercetin 
nanogels in the thermosensitive gel slowly decreased as 
BDNF and quercetin were released sustainably with non-
Fick’s diffusion. Until 24  h, BDNF-Quercetin nanogels 
in the thermosensitive gel were thoroughly degraded, 
and both components were released entirely from the 
nanogels.

Cell biology evaluation and immune response
The in vitro cell viability was evaluated using Calcein-AM 
labeled fluorescence assay to assess lipopolysaccharide 
(LPS)-activated and normal RAW264.7 cells treated with 
quercetin, blank nanogels, and quercetin nanogels (Fig-
ure S2a). The enlarged cell volume and the changed cell 
morphology were observed after LPS stimulation com-
pared with the control. Quercetin, blank nanogels, and 
quercetin nanogels had no cytotoxic effects compared to 
the control and exhibited nonsignificant effects on cell 
viability. In Figure S2b, the proliferative effects of quer-
cetin nanogels on RAW264.7 cells growing were analyzed 
by the manufacturer’s instructions of the BrdU ELISA kit. 
The results indicated that quercetin, blank nanogels, and 
quercetin nanogels had no significant effects on the pro-
liferation of RAW264.7 cells until 24 h.

Immune cells can produce some cytokines essen-
tial to regulating the immune response. Still, abnormal 
cytokines could lead to immune-mediated disorders, 
including allergies, infectious diseases, cancers, and auto-
immunity. The previous study showed that examining 
the effects of nanogels on cytokine levels was worthwhile 
for immune systems induced by immune stimulators 
[32]. Natural active compounds have been widely used 
in treating diseases due to their low toxicity and good 
biocompatibility [33–35]. To investigate whether quer-
cetin nanogels had immunostimulatory effects, TNF-α 
and IL-6 concentrations in the cell supernatant were 
determined after incubation with RAW 264.7 cells for 
48  h. Compared with the control, quercetin nanogels 
and blank nanogels did not stimulate RAW 264.7 cells 
to secrete excessive inflammatory factors (Figure S2c-d), 
indicating that the quercetin nanogels and blank nano-
gels did not activate the cellular immune response.

Evaluation of in vitro anti-inflammatory activities
The anti-inflammatory activity of quercetin nanogels is 
evaluated by LPS-induced RAW 264.7 cells. It was found 
that compared with blank nanogels, quercetin nano-
gels effectively restricted inducible nitric oxide synthase 
(iNOS) mRNA expression, further inhibiting overpro-
duction of nitric oxide (NO) that the iNOS produced, 
and finally curbing the generation of nitrite, one of the 
products of nitric oxide (Figure S3a-c). These results 
showed that quercetin nanogels enhanced cell survival 
and might have effects on the outcome of depressive 
disorder caused by inflammation, consistent with previ-
ous studies [36]. Compared to the LPS group, quercetin 
nanogels down-regulated the expression of iNOS, NO, 
and nitrite, better than pure quercetin. Meanwhile, cyto-
kines, the important biomarkers of nanocarrier immuno-
toxicity, have been widely used in immunotoxicity studies 
[37]. In particular, the secretion of TNF-α and IL-6 in 
RAW 264.7 cells increased in response to inflammation, 
playing a pivotal role in decreasing inflammation levels. 
As shown in Figure S3d-g, LPS up-regulated the mRNA 
and protein expression of TNF-α and IL-6 in RAW 264.7 
cells. However, quercetin and quercetin nanogels signifi-
cantly inhibited TNF-α and IL-6 mRNA expression and 
protein expression, with quercetin nanogels outperform-
ing quercetin.

Generally, cyclooxygenase-2 (COX-2) activity in nor-
mal tissue cells was deficient, whereas COX-2 level in 
inflammatory cells would increase several times when 
inflammation stimulated cells. This elevation in pros-
taglandin E2 (PGE2), in turn, exacerbates the inflamma-
tory response and induces tissue damage. Both COX-2 
and PGE2 play pivotal roles in this inflammatory pro-
cess. Compared with the LPS group, mRNA expression 
levels and protein expression of COX-2 and its down-
stream product, PGE2, were significantly up-regulated in 
LPS-induced RAW264.7 cells (Figure S3h-j). Conversely, 
both quercetin and quercetin nanogels showed signifi-
cant inhibitory effects on mRNA expression and protein 
expression of COX-2 and PGE2 content. While blank 
nanogels did not exhibit significant anti-inflammatory 
effects compared to the LPS group, quercetin nanogels 
markedly inhibited the COX-2/PGE2 signaling pathway 
response. Overall, quercetin nanogels, compared to free 
quercetin, effectively inhibited the over-expression of 
inflammatory genes, including iNOS, IL-6, TNF-α, COX-
2, and PGE2. Quercetin nanogels demonstrate excel-
lent biocompatibility and augmented anti-inflammatory 
properties, thus positioning them as promising nano-
carriers for treating depression and other inflammation-
associated diseases.
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In vivo biodistribution and pharmacokinetics studies
In vivo biodistribution and pharmacokinetics of querce-
tin nanogels were evaluated using Sprague-Dawley (SD) 
rats. Brain tissues and plasma analysis were performed 
at different periods after intranasal administration of 
quercetin nanogels. To assess their brain biodistribution, 
rhodamine B isothiocyanate (RBITC)-labeled quercetin 
nanogels were administrated, and the fluorescence was 
analyzed. It was found in Fig.  4a that the most intense 
fluorescence in the rat brain was observed approxi-
mately 30 min post-administration, followed by a gradual 
decrease. Quercetin nanogels were quickly delivered to 
the brain region and predominantly accumulated in the 
brain at short time scales, suggesting their potential for 
targeted brain delivery via the intranasal route, which 
could be beneficial for treating depressive disorders. To 
evaluate whether the quercetin nanogels improved in vivo 
bioavailability of quercetin, the corresponding plasma 

concentration vs. time (Fig.  4b) and pharmacokinetic 
parameters (Fig.  4c-h) of the orally administrated quer-
cetin and intranasally administrated quercetin nanogels 
were analyzed, respectively. The concentration vs. time 
curve of quercetin nanogels showed a sharp increase at 
approximately 15 min. In contrast, oral administration of 
the quercetin reached a maximum plasma concentration 
of 4 h post-administration, resulting in a slower increase 
than quercetin nanogels. The intranasally administered 
quercetin nanogels exhibited a shorter Tmax and higher 
Cmax than orally administered quercetin, indicating rapid 
achievement of peak drug concentration. Furthermore, 
the bioavailability of the intranasally administered quer-
cetin nanogels was nearly 50 times greater than that of 
orally administered quercetin, as determined by rela-
tive bioavailability calculations. Therefore, the querce-
tin nanogels provide the potential to overcome BBB and 
enhance quercetin bioavailability at lower doses.

Fig. 4 Distribution in brain and pharmacokinetic study of quercetin nanogels. (a) Fluorescence analysis of quercetin nanogels in the brain. (b) Hippo-
campal quercetin concentration-time curves after intragastric or intranasal delivery. Pharmacokinetic parameters include (c) Tmax (h), (d) Cmax (ng/g), (e) 
AUC0 − tn (ng/g·h), (f) AUC0−∞ (ng/g·h), (g) MRT0−∞(h), (h), MRT0 − tn(h). **p < 0.01 compared with the orally administrated quercetin solution
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The antidepressant activities of quercetin nanogels and 
their BDNF delivery
To investigate the potential antidepressant activities of 
quercetin nanogels, we tested the hypotheses using two 
models that contained intraperitoneal injection of reser-
pine and a well-established behavioral despair model. The 
research findings indicated that reserpine’s mechanism of 
action involved the depletion of biogenic amines. A sub-
stantial dose of reserpine resulted in the depletion of nor-
adrenaline, adrenaline, dopamine, and 5-HT in the brain 
for a duration exceeding 7 days. However, depressive 
behavior persisted for only 3 days [38]. Concurrently, the 
reserpine-induced model was chosen due to its straight-
forward procedure and high success rate, making it a 
suitable choice for evaluating the therapeutic efficacy of 
antidepressants. A schematic diagram of the ptosis score 
of rats reduced by reserpine was indicated in Fig.  5a. It 
was used to assess the rats’ depression-like state induced 
by reserpine. The results suggested that the eyelid ptosis 

score of the administrated drugs was significantly lower 
than the model group induced by reserpine. Also, quer-
cetin nanogels significantly alleviated the depletion of 
5-HT, NE, and DA in the striatum and hippocampus 
(Fig. 5b-g), suggesting that quercetin nanogels effectively 
restrained on reserpine-induced depletion of monoamine 
neurotransmitters.

Behavioral tests are used to assess the behavioral char-
acteristics after intranasal administration, including the 
open field test (OFT), tail suspension test (TST), and 
forced swimming test (FST). The OFT was used to assess 
overall activity, anxiety-related behavior, and locomotor 
activity in a novel environment to rule out any inhibitory 
or excitatory effects of BDNF-quercetin nanogels [39]. 
The TST and FST were widely performed to investigate 
antidepressant activities and depression-like behavior of 
antidepressant drugs [40, 41]. In the OFT of the mice, the 
significant differences were not discovered in the rear-
ing times and total distance, as shown in Figure S4a-b, 

Fig. 5 The antidepressant activities of quercetin nanogels and their BDNF delivery. (a) Schematic diagram of ptosis score of rats reduced by reserpine. 
(b) Eyelid ptosis score of rats. (c) 5-HT concentration in the striatum. (d) NE concentration in the striatum. (e) DA concentration in the striatum. (f) 5-HT 
concentration in the hippocampus. (g) NE concentration in the hippocampus. (h) Immobility duration of mice in tail suspension test. (i) Immobility dura-
tion of mice in a forced swimming test. ##p < 0.01 compared with the control group. *p < 0.05, **p < 0.01 compared with the reserpine group. @p < 0.05, 
@@p < 0.01 compared with fluoxetine
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compared to the control group, suggesting that the drugs 
had no impact on the tested mice. In the TST and FST 
(Fig.  5h-i), low doses of quercetin nanogels and BDNF-
Quercetin nanogels significantly reduced the immobil-
ity duration, thereby improving depressive behavior and 
demonstrating superior antidepressant effects compared 
to other groups.

A preliminary study using two models manifested that 
BDNF-Quercetin nanogels had better antidepressant 
activities and were almost equal to the orally adminis-
trated fluoxetine and quercetin. Still, a dose of the former 
was lower, showing their superiority of brain targeting by 
intranasal delivery.

Antidepressant effects of BDNF-Quercetin nanogels in the 
thermosensitive gel on the chronic unpredictable mild 
stress (CUMS) rats
The CUMS model (Fig.  6a) was further performed to 
study the antidepressant mechanism of BDNF-Querce-
tin nanogels after the initial evaluation of antidepressant 
activity using two animal models. It was observed that 
CUMS-induced weight loss and anhedonia were sub-
stantially mitigated by the experimental drugs, particu-
larly BDNF-Quercetin nanogels, demonstrating a better 
effect on the stressed rats (Fig. 6b-c). The OFT was used 
to assess the exploratory behavior of the drug-treated 
CUMS rats after administration. It was indicated that 
fluoxetine, quercetin, quercetin nanogels, and BDNF-
quercetin nanogels increased the number of rearings 
and the total distance of CUMS model (Fig. 6d-e). Both 
BDNF-quercetin nanogels and quercetin nanogels dem-
onstrated more significant antidepressant effects than 
fluoxetine, as evidenced by the total distance. Plasma 
and hippocampal BDNF concentrations of the CUMS 
rats were markedly enhanced by the experimental drugs. 
Notably, the hippocampal BDNF level in the BDNF-
Quercetin nanogel group exhibited a significant change 
compared to the fluoxetine group. These findings sug-
gested that the delivery of exogenous BDNF compen-
sated for the loss of BDNF in the brain (Fig. 6f-g), thereby 
enhancing its antidepressant effects.

Clinical reports and meta-analyses found that 
depressed patients had significant hypothalamic-pitu-
itary-adrenal (HPA) axis hyperactivation. These dysfunc-
tions increased the stress hormone cortisol secretion and 
inflammatory biomarkers’ levels [42–46]. It was shown 
in Figure S5a-c that the levels of corticotropin-releasing 
hormone (CRH), adrenocorticotropic Hormone (ACTH), 
and corticosterone in rats were significantly increased 
by CUMS. However, the only level of corticosterone was 
decreased considerably by BDNF-Quercetin nanogels 
compared to CUMS rats. Many studies have found that 
testosterone had antidepressant effects in socially iso-
lated male but not female rats [47]. It was observed in 

Figure S5d that quercetin nanogels, in a dose-dependent 
manner, improved the testosterone level, and BDNF-
Quercetin nanogels also showed a significant increase 
compared to CUMS rats. In the meantime, inflamma-
tion was a crucial biological event that might increase 
the risk of major depressive disorders. CUMS-induced 
rats exhibited higher IL-6 and PGE2 levels in plasma 
(Fig. 6h-i). Inflammatory levels of the rats were decreased 
after administration. BDNF-Quercetin nanogels also pre-
sented significant differences compared to those without 
administration. In summary, BDNF-Quercetin nano-
gels at a lower dose decreased the abnormal behavior of 
CUMS model and improved their biochemical indicators.

Effects of BDNF-Quercetin nanogels on rat hippocam-
pal pyramidal cells were investigated. It was observed 
in the H&E staining that there was dramatic damage to 
pyramidal cells in the hippocampal subregion of CUMS 
rats (Fig. 7a-d). Compared to CUMS model, these abnor-
malities were significantly improved by BDNF-Quercetin 
nanogels. Similarly, cell apoptosis and proliferation were 
also observed and analyzed by TUNEL and Ki67 stain-
ing, respectively. The number of positive cells in CUMS 
rats significantly decreased (Fig.  8a-d). BDNF-Querce-
tin nanogels significantly increased the corresponding 
positive cells. At the same time, these impairments of 
pyramidal cells were also found in the prefrontal cor-
tex of CUMS rats (Figure S6), and BDNF-Quercetin 
nanogels showed the same therapeutic effects as in the 
hippocampus.

Apoptosis is an essential mechanism of CUMS-induced 
depression [48]. As an anti-apoptotic endogenous mem-
brane protein, B cell lymphoma-2 (Bcl-2) prevents cells 
from entering the apoptotic program. B-cell lymphoma 
extra-large (Bcl-xL), like Bcl-2, is another antiapoptotic 
factor supporting neuronal survival but not promoting 
axon regeneration. BCL2-associated X (Bax) was a pro-
apoptotic protein promoting cells to enter apoptosis. 
The study findings indicated that CUMS increased Bax 
mRNA expression in the hippocampal and prefrontal 
cortex tissues (Figure S7a, b) and selectively decreased 
hippocampal Bcl-xL mRNA levels (Figure S7c, d) without 
changing Bcl-2 mRNA expression (Figure S7e, f ).

BDNF-quercetin nanogels exerted antidepressant 
effects on CUMS rats, mainly through anti-stress, anti-
inflammation, and neuroprotection. BDNF-quercetin 
nanogels can restore HPA axis function, inhibit neuron 
cell apoptosis, and promote neuron cell regeneration. 
To elucidate the impact of BDNF-Quercetin nano-
gels on CUMS rats, a comprehensive, integrated omics 
approach was used to investigate potential antidepressant 
mechanisms.
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Antidepressant mechanism of BDNF-Quercetin nanogels in 
the thermosensitive gel on the CUMS rats
Gene expression of total mRNA isolated from rat hip-
pocampus was assessed using RNA sequencing. The 
transcriptomic volcano map revealed that compared to 
CUMS group, 999 genes were differentially expressed in 
the BDNF-quercetin nanogels group, with significantly 
up-regulated 645 genes and significantly down-regu-
lated 354 genes (Fig.  9a). The most enriched GO terms 
in Fig.  9b presented that BDNF-quercetin nanogels 
changed biological processes (including peptidyl-histi-
dine modification and positive regulation of glutamate 
receptor), cellular components (including a complex of 
collagen trimers), and molecular function (extracellular 

matrix structural constituent) of CUMS rats. Gene set 
enrichment analysis (GSEA) was next performed using 
the KEGG (Kyoto Encyclopedia of Genes and Genomes) 
database, revealing significant enrichment including 
TGF-β and PI3K-Akt signaling pathway, glutamatergic 
synapse, alanine, aspartate, and glutamate metabolism 
(Fig.  9c). Additionally, GO terms associated with anti-
oxidant activity were identified in Table S4. Oxidative 
phosphorylation was further found in KEGG pathway 
enrichment analysis. In line with previous studies on 
depression, it was found that there are glutamate recep-
tor-related terms, PI3K-Akt, glutamatergic synapse, and 
glutamate metabolism signaling pathways. These tran-
scriptomic findings suggested that BDNF-Quercetin 

Fig. 6 Antidepressant effects of BDNF-Quercetin nanogels on the CUMS rats. (a) Schematic diagram of the CUMS procedure. (b) Changes in body weight 
of rats. (c) Changes of 1% sucrose preference of rats. (d) Number of rearings. (e) Total distance of rats. (f) BDNF concentration in plasma. (g) BDNF con-
tent in the hippocampus. (h) IL-6 concentration in plasma. (i) PGE2 content in the hippocampus. ##p < 0.01 compared with the control group. *p < 0.05, 
**p < 0.01 compared with CUMS model. @p < 0.01 compared with the fluoxetine
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nanogels not only induced antioxidant activities via oxi-
dative phosphorylation but also exerted antidepressant 
effects on CUMS rats by improving the glutamatergic 
system and PI3K-Akt signaling pathway. A metabolomic 
analysis was then performed to investigate the changes 
in hippocampal metabolites. Partial least square analy-
sis (PLS-DA) in Fig.  9d indicated that the influence of 
BDNF-Quercetin nanogels on metabolites neared the 
control and differed from CUMS group, showing that 
control, CUMS, and BDNF-Quercetin nanogels had a 

significant difference in the levels of total metabolites. 
Further analysis in Fig.  9e showed that compared to 
CUMS group, some metabolites (including methionine 
sulfoxide, creatinine, 5-Hydroxyindoleacetic acid) were 
up-regulated, while others (including 1-Methylhisti-
dine, biotin, 2-Arachidonylglycerol, S-Adenosylhomo-
cysteine, Acetyl-CoA, 7-ketocholesterol, Ascorbic acid, 
L-Methionine) were down-regulated. The metabolic 
pathways associated with the antidepressant effects pri-
marily encompassed the following biochemical process: 

Fig. 8 CUMS-induced cell apoptosis and proliferation in the hippocampus of rats. (a) TUNEL staining. (b) The nerve cells by TUNEL staining. (c) Ki67 stain-
ing. (d) Number of cell proliferation by Ki67 staining. ##p < 0.01 compared with the control group. *p < 0.05, **p < 0.01 compared with the CUMS model

 

Fig. 7 Pathological changes in rat hippocampal tissues. (a) Pathological changes of CA1 subregion in rat hippocampal tissues (scale bar: 100 μm). (b) Hip-
pocampal CA1 pyramidal cells. (c) Pathological changes of CA3 subregion in rat hippocampal tissues (scale bar: 100 μm). (d) Hippocampal CA3 pyramidal 
cells. ##p < 0.01 compared with the control group. *p < 0.05, **p < 0.01 compared with CUMS model
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(1) biotin metabolism; (2) citrate cycle; (3) tryptophan 
metabolism; (4) Alanine, aspartate, and glutamate metab-
olism; (5) thiamine metabolism (Fig. 9f). Taken together, 
transcriptomic and metabonomic data showed that the 
glutamatergic system and PI3K-Akt signaling pathway 
were the primary antidepressant mechanism of BDNF-
Quercetin nanogels in CUMS rats.

Western blot experiments were performed to verify 
related protein expression. Protein expression of the glu-
tamatergic system was demonstrated in Fig.  9g. These 
results presented that chronic stress significantly reduced 
the GRIA3 (the receptor of AMPA) protein content and 
increased the GRIN2B (the receptor of NMDA) protein 
content in the hippocampus of rats. Moreover, BDNF-
Quercetin nanogels regulated the PI3K-Akt signaling 
pathway by improving the abnormal expression of BDNF, 

TrkB, GSK3β, and p-mTOR after CUMS (Fig. 9h). These 
results showed that exogenously supplemented BDNF 
might bind to its receptor TrkB and further activate 
the PI3K-Akt signaling pathway, thereby regulating the 
expression of abnormal GSK3β and p-mTOR proteins.

In summary, the protective effects of quercetin nano-
gels on BDNF were achieved by antioxidant activities 
associated with oxidative phosphorylation. By integrating 
omics prediction and protein expression verification, the 
results showed that BDNF-Quercetin nanogels exerted 
antidepressant effects on CUMS rats by modulating the 
glutamatergic system and PI3K-Akt signaling pathway.

Fig. 9 Antidepressant mechanism of BDNF-Quercetin nanogels in the thermosensitive gel on the CUMS rats. (a) Volcano map. (b) GO enrichment analy-
sis. (c) KEGG pathway enrichment analysis of BDNF-quercetin nanogels vs. CUMS model. (d) Partial least squares-discriminant analysis (PLS-DA). (e) VIP 
analysis. (f) Major metabolic pathways that BDNF-Quercetin nanogels improve CUMS rats. (g-h) Expression of GRIA3, BDNF, TrkB, P-mTOR, GRIN2B, and 
GSK3β in the hippocampus of rats. ##p < 0.01 compared with the control group. **p < 0.01 compared with the CUMS group
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Conclusion
In conclusion, quercetin nanogels were successfully pre-
pared and characterized. Quercetin nanogels showed 
protective effects against protein damage, exhibited 
antioxidant activities without affecting cell viability, pro-
liferation, and immune response, and increased in vitro 
inflammatory cytokine levels. The intranasally adminis-
tered quercetin nanogels rapidly distributed in the brain 
within 30 min and improved the bioavailability of quer-
cetin nearly 50-fold at a lower dose. The BDNF-quercetin 
nanogels in the thermosensitive gel exhibited excellent 
thermosensitivity and co-delivered quercetin and BDNF 
slowly and sustainably. As a protein drug carrier, querce-
tin nanogels exerted antidepressant effects on reserpine-
induced rats and alleviated the depletion of monoamine 
neurotransmitters. BDNF-quercetin nanogels effectively 
reversed despair behavior in mice, alleviated weight loss 
and anhedonia in rats, ameliorated dramatic pyrami-
dal cell damage in hippocampal CA1 and CA3 subre-
gions and inflammatory cytokine levels, and ameliorated 
CUMS-induced cell apoptosis and proliferation in rat 
hippocampus. Further omics analysis and protein veri-
fication revealed that the treatment of BDNF-Quercetin 
nanogels on depressive disorder was mainly related to the 
glutamatergic system, PI3K-Akt, and BDNF-TrkB signal-
ing pathway. These results showed that the brain delivery 
of BDNF- Quercetin nanogels via intranasal administra-
tion has a significant potential for the combination treat-
ment of depressive disorder.

Experimental section
Chemicals and Materials and animals are described in 
Additional file 1: S1 Chemicals and Materials and S2 Ani-
mals, respectively.

Preparation and characterization of BDNF-Quercetin 
nanogels
BDNF-Quercetin nanogels were prepared using the pre-
vious study with slight modifications [49]. Preparation 
and characterization of BDNF-Quercetin nanogels are 
described in Additional file 1: S3 Preparation and charac-
terization of BDNF-Quercetin nanogels.

In vitro release of quercetin nanogels was investigated 
in 0.1  M Tris-HCl (pH 7.4), 0.1  M Tris-HCl (pH 8.0), 
0.1 M PBS (pH 7.4), 0.01 M Tris-HCl (pH 7.4), and 1 M 
Tris-HCl (pH 7.4). In vitro release of BDNF-Quercetin 
nanogels was investigated in 0.1  M Tris-HCl (pH 7.4), 
and 0.1 M PBS (pH 7.4). 25 mg of quercetin nanogels or 
BDNF-Quercetin nanogels were added to 2 mL of release 
medium to disperse them fully. Quercetin nanogels and 
BDNF-Quercetin nanogels were placed in a dialysis bag 
(molecular weight of 10,000) and suspended in 40 mL 
of release medium at 34 °C on a shaker at 50 rpm. Each 
release sample was taken at appropriate intervals and 

added by fresh release medium. The analysis was con-
ducted three times for each batch.

Antioxidant activities of quercetin nanogels: The pro-
tective effects of quercetin on protein were determined 
using the method of Coomassie brilliant blue. The meth-
ods are described in the Additional file 1: S4 Antioxidant 
activities of quercetin nanogels.

Preparation and characterization of BDNF-Quercetin 
nanogels in the thermosensitive gel
BDNF-Quercetin nanogels in the thermosensitive gel 
were obtained using two steps. One step was that BDNF-
Quercetin nanogels were dissolved in normal saline at 
room temperature, cooling to 4 °C. Two-step was that the 
pre-made BDNF-Quercetin nanogels solution was mixed 
with P 407 and P 188 in different proportions (14/0, 14/1, 
14/2, 16/0, 16/1, 16/2, 18/0, 18/1, 18/2, w/w) to form a 
stable BDNF-Quercetin nanogels stock solution at 4 °C.

The rheological measurements of BDNF-Quercetin 
nanogels in the thermosensitive gel were performed to 
analyze the effects of P 407/ P188 ratio on its solution–
gel–solution-phase transition by Anton-Paar rheometer 
(MCR 302, Austria). 0.5 mL stock solution was placed 
between parallel plates with a gap of 1 mm. The storage 
modulus (G’) and the loss modulus (G’’) were measured 
under 1 Hz and shear stress of 0.01 Pa, ranging from 15 
to 40 °C. The gelation temperature was observed through 
changes in the modulus [50].

In vitro release of BDNF-Quercetin nanogels in the 
thermosensitive gel was explored using PBS to mimic 
intranasal release behavior. BDNF-Quercetin nanogels 
in the thermosensitive gel (P 407/ P188, 16/2) containing 
16% of BDNF-Quercetin nanogels were added into the 
vial (2.7  cm x 4.7  cm) with heating at 37 ºC for 10 min 
in the incubator shaker until phase transition from solu-
tion to gel and then were soaked in 2 mL PBS (pH 6.4) 
with gently shaking (55  rpm). Each release sample was 
taken at appropriate intervals and added to fresh PBS. 
The residual weight was weighed and compared with the 
initial weight to calculate the weight loss rate. Each batch 
was analyzed in triplicate.

Cell culture
RAW 264.7 cells were cultured in high-glucose DMEM 
containing phenol red, 10% heated-inactivity fetal bovine 
serum (HI-FBS), 100 U/mL penicillin, and 100  µg/mL 
streptomycin at 37 °C in a humidified 5% CO2 air. A sta-
ble cell line was established and maintained in a medium 
supplemented with high-glucose DMEM containing 5% 
HI-FBS without phenol red. Cell biology evaluation and 
immune response were performed in Additional file 1: S5 
Cell biology evaluation and immune response.
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Distribution in the brain and pharmacokinetic study
For brain distribution studies, the Sprague-Dawley (SD) 
rats, intranasally administered to RBITC-labeled querce-
tin nanogels in the thermosensitive gel, were investigated 
after being sacrificed for 0.5 h, 1 h, 4 h, 8 h, 12 h, and 24 h. 
The rats’ brain was removed and then observed by a CRI 
fluorescence imaging system (Maestro 2, CRI, USA). In 
a pharmacokinetic study, SD rats were randomly divided 
into intranasal (quercetin nanogels in the thermosensi-
tive gel) and oral administration (quercetin solution) at 
the dose of 0.3 and 20 mg/kg (calculated by free querce-
tin dose) body weight, respectively. The hippocampi were 
collected, detected, and analyzed as described in Addi-
tional file 1: S6 Pharmacokinetic study.

Animal experiments
Open field test (OFT), forced swim test (FST), tail sus-
pension test (TST), and reserpine-induced depression 
model are described in Additional file 1: S7 Open field 
test (OFT) and forced swim test (FST), tail suspension 
test (TST), and reserpine-induced depression model. The 
chronic unpredictable mild stress (CUMS) model was 
used to investigate the antidepressant effect of BDNF-
Quercetin nanogels in the thermosensitive gel and its 
mechanism. The protocol was approved by the Animal 
Ethics Committee of Tianjin University of Traditional 
Chinese Medicine (TCM-2016-038-E14). The experi-
ments are reported by the Animal Research: Reporting 
in Vivo Experiments (ARRIVE) guidelines. The SD rats 
were divided into control and CUMS groups treated with 
drugs. CUMS involved exposure to various mild stress-
ors. After the last 7 days of CUMS, the rats were admin-
istrated, which included CUMS, fluoxetine (10  mg/kg, 
intragastric administration), quercetin (20  mg/kg, intra-
gastric administration), quercetin nanogels in the ther-
mosensitive gel (0.075, 0.15, 0.3 mg/kg calculated by the 
weight of quercetin, intranasal administration), BDNF-
Quercetin nanogels in the thermosensitive gel containing 
BDNF (4 µg/kg) and quercetin (0.15 mg/kg) via intrana-
sal administration. After administration, the locomo-
tor activity was evaluated by the OFT, consisting of the 
number of rearings and total distance. The rat heparin-
ized plasma was collected by centrifugation at 3000 × 
g for 10  min after the behavioral despair test. Accord-
ing to the manufacturer’s instructions, the change of 
BDNF content in plasma and hippocampi was detected 
by the BDNF Emax® Immunoassay System. The inflam-
matory levels (TNF-α and IL-6) and HPA axis function 
(CRH, ACTH, corticosterone, and testosterone) were 
measured by ELISA Assay Kit. The hippocampi of the 
rats were removed and then fixed in 10% neutral forma-
lin or snap-frozen in liquid nitrogen for studying patho-
logical changes, cell apoptosis, and cell proliferation in 
rat hippocampal tissues. For pathological research, the 

fixed hippocampus was dehydrated, embedded in paraf-
fin, sectioned, and stained with hematoxylin and eosin 
(H&E). The CA1 and CA3 regions in the hippocampus 
were observed and photographed by a light microscope 
(OLYMPUS, Japan). To determine the end-stage apop-
tosis of hippocampal pyramidal neurons, TUNEL assays 
were performed on paraffin sections using a TUNEL 
apoptosis assay kit according to the manufacturer’s 
instructions. At the same time, the mRNA expression of 
the apoptosis gene was performed in a Bio-Rad C1000 
(Bio-Rad, Pleasanton, CA, USA). The real-time RT-PCR 
primers of GAPDH, Bcl-2, Bax, and Bcl-xL were demon-
strated in Table S3. The folds increase or decrease was 
calculated relative to blank control after normalized to 
a housekeeping gene using the 2−ΔΔCT method. To mea-
sure pyramidal neuron proliferation in the hippocampus, 
the slides were incubated with an anti-MKI67 polyclonal 
antibody overnight at 4  °C, then a secondary antibody 
anti-rabbit IgG. The number of positive cells was counted 
using a Nikon Eclipse Ti-U inverted fluorescent micro-
scope (Nikon, Japan).

The antidepressant mechanism of BDNF-Quercetin 
nanogels was explored by combining RNA sequenc-
ing, metabolomic analysis, and Western blot analysis. 
Transcriptome sequencing was accomplished by Bei-
jing Novogene Technology Co. Ltd, as presented in 
Additional file 1: S8 The procedure of RNA sequencing. 
Metabolite levels in the hippocampal tissues were deter-
mined using our previous methods in Additional file 1: 
S9 Determination of hippocampal tissues in metabo-
lite levels. The protein expressions of GRIA3, GRIN2B, 
BDNF, TrkB, GSK3β, and p-mTOR were determined by 
western blotting according to Additional file 1: S10 West-
ern blotting detection.

Statistical analysis
Statistical analyses were calculated by the Origin Pro 
2023 software (Origin Lab, Northampton, MA). Results 
were expressed as the mean ± standard error of the mean 
(SEM). Statistically significant differences between 
groups were evaluated by one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test. A p < 0.05 
was considered statistically significant.
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