
Liu et al. Journal of Nanobiotechnology          (2023) 21:274  
https://doi.org/10.1186/s12951-023-02008-9

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of Nanobiotechnology

Self-immolative nanocapsules precisely 
regulate depressive neuronal microenvironment 
for synergistic antidepression therapy
Ziyao Liu1,3, Bei Chen1, Shijun Xiang1 and Shuo Hu1,2,3* 

Abstract 

Background Pharmacotherapy constitutes the first-line treatment for depression. However, its clinical use is hin-
dered by several limitations, such as time lag, side effects, and narrow therapeutic windows. Nanotechnology can be 
employed to shorten the onset time by ensuring permeation across the blood brain barrier (BBB) to precisely deliver 
more therapeutic agents; unfortunately, formidable challenges owing to the intrinsic shortcomings of commercial 
drugs remain.

Results Based on the extraordinary capability of monoamines to regulate the neuronal environment, we engineer 
a network nanocapsule for delivering serotonin (5-hydroxytryptamine, 5-HT) and catalase (CAT) to the brain paren-
chyma for synergistic antidepression therapy. The nanoantidepressants are fabricated by the formation of 5-HT polym-
erization and simultaneous payload CAT, following by surface modifications using human serum albumin and rabies 
virus glycoprotein. The virus-inspired nanocapsules benefit from the surface-modifying strategies and exhibit 
pronounced BBB penetration. Once nanocapsules reach the brain parenchyma, the mildly acidic conditions trig-
ger the release of 5-HT from the sacrificial nanocapsule. Releasing 5-HT further positively regulate moods, relieving 
depressive symptoms. Meanwhile, cargo CAT alleviates neuroinflammation and enhances therapeutic efficacy of 5-HT.

Conclusion Altogether, the results offer detailed information encouraging the rational designing of nanoantidepres-
sants and highlighting the potential of nanotechnology in mental health disorder therapies.
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Graphical abstract

Introduction
As faster pace of life causally involved in the mental 
stress, depression is a common mental health disorder 
worldwide, and more than 300 million people are suf-
fering from depression all over the world according to 
the World Health Organization [1]. Major depressive 
disorder is even the leading cause of disability and the 
major contributor to the suicide burden [2, 3], hence 
progressive attentions are paid to depressive disorder 
treatment. The antidepressant agents currently used are 
designed to raise monoamine levels in the brain [4, 5]. 
It is reported that the depression is caused by decreased 
monoamine levels; this hypothesis has been widely sup-
ported by the effects of pharmaceuticals agents that 
increase the levels of monoamine neurotransmitters 
[6]. Monoamine neurotransmitters, including sero-
tonin, dopamine, and norepinephrine, synergistically 
regulate the different aspects of emotional, rewards, 
and general behaviors [7, 8]. Among commercial drugs, 
fluoxetine is the first choice in pharmacological treat-
ment and it selectively inhibits serotonin reuptake [9]. 
However, the current pharmacotherapies takes weeks 
to months to achieve full efficacy [10], and is ineffec-
tive in approximately 30%–50% of patients or causes 
intolerable side effects [11]. This disappointing thera-
peutic outcome may reflect the complicated mecha-
nism of depression. The actual etiology of depression 
is yet to be clarified, which constitute multiple altera-
tions in the brain comprising the dysregulation of 

neurotransmitters [12], pathologic increase in inflam-
matory markers [13], and decrements in neurotrophic 
factors [14]. Taken together, depression is complex and 
multifaceted, thereby the dilemma of monotherapy that 
targets monoamine prompting the need for novel and 
synergistic therapeutic strategies.

To achieve rapid antidepressant action, nanocarriers 
were adopted to precisely deliver fluoxetine to the brain 
parenchyma [15, 16]. Normally, it requires two weeks to 
produce a therapeutic response, reducing the delayed 
onset of the response. However, the low rate of respon-
siveness and non-negligible adverse effects of fluoxetine 
limit its broader use and highlight the need for com-
bined therapies. Some studies adopted nanoantidepres-
sants combined with photothermal therapy to broaden 
the antidepressant spectrum and enhance its efficacy 
[15–17]. Still, the uncertain biosafety of increased brain 
temperature due to the photothermal procedures may 
pose unknown risks to patients. Furthermore, these 
strategies are unable to directly remodel the neuronal 
microenvironment. Inspired by neuroregulation capabil-
ity of the neurotransmitters, delivering high amounts of 
monoamines to the brain parenchyma could be a safer 
and faster way to achieve antidepression. Notwithstand-
ing, delivering monoamines into the brain is challeng-
ing owing to their intrinsic properties, including polarity 
and nonspecific distribution, which prevent monoam-
ines from permeating the blood brain barrier (BBB). The 
BBB maintains the homeostasis of the central nervous 
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system (CNS) by tightly controlling the passage of sub-
stances in and out, thereby restricting the entry of nearly 
all macromolecules and > 98% of small molecule drugs 
[18]. In addition, the high  degradability and clearance 
rate of most monoamines hinder their therapeutic effect 
in vivo. Hence, the development of a robust carrier sys-
tem for monoamine delivery provides a new insight for 
the advancement of antidepressant agents.

Our study introduced rabies-virus inspired network 
nanocapsules to achieve the brain delivery of serotonin 
(5-hydroxytryptamine, 5-HT) and catalase (CAT) for 
antidepression therapy. These nanocapsules were sur-
face-modified using rabies virus glycoprotein (RVG29), 
which enabled them to permeate the BBB and enter the 
brain parenchyma, presumably via specific recognition 
by nicotinic acetylcholine receptors (nAchR) [19, 20]. 
Furthermore, surface modification with human serum 
albumin (HSA) prolonged the blood circulation time of 
the nanocapsules [21, 22]. Several publications have indi-
cated that the pH of the brain in patients with depres-
sion falls within the range of 6.2 to 6.4 [23–25]. Once 
the nanoantidepressant reaches the depressive neuronal 
microenvironment, 5-HT is gradually released from the 
self-immolative nanoformulation following degradation 
due to the mildly acidic microenvironment (Scheme  1). 
This nanoantidepressant with stimuli-responsive release 
can be used for synergistic dual-action therapy with the 
aim of (i) precisely supplementing with monoamine neu-
rotransmitters as 5-HT could potently alleviate depres-
sive symptoms and (ii) positively regulating the neuronal 
microenvironment via CAT as 5-HT is easily oxidized 
under inflammatory conditions. The alleviation of inflam-
mation via CAT can in turn enhance the efficacy of 5-HT. 
The network nanoantidepressant constituting active mol-
ecules exhibits stable delivery into the blood, high BBB 
penetrance, and precise controllability of drug release. 
Consequently, the multitargeting nanosystem is expected 
to positively regulate the depressive neuronal microenvi-
ronment in a highly efficient and precise manner.

Materials and methods
Synthesis protocols of network nanocapsules 
with different proteins
The synthesis protocol of network nanocapsules with 
different proteins was carried out by varying the pH 
to achieve optimal conditions. The aqueous solution 
of 5-HT and CAT/HSA samples were added to 21  mL 
Tris–HCl buffer (pH 9.5 or pH 7.4) to obtain inner-core 
nanoparticles (NPs). To obtain CAT-loaded nanocap-
sules (CNCs), the above inner NPs were incubated with 
HSA at a mass ratio of 1:1 in PBS for 1  h. Unabsorbed 

HSA was removed by membrane dialysis (100  kDa) in 
ultrapure water at pH 7.4 for 6  h. The size distribution 
of hydrodynamic diameters N(dh) of NPs from differ-
ent pH buffers was characterized by dynamic light scat-
tering (DLS) using a UV-cuvette (ZH 8.5  mm; Deckel; 
Sarstedt, Germany). The distribution of ζ-potential I(ζ) of 
these NPs was also recorded by DLS with laser Doppler 
anemometry (LDA). The optimal pH value was found to 
be 9.5. After performing the optimized synthesis pro-
tocol, the load capacity of different proteins was tested. 
Four different proteins were chosen, namely bovine 
serum albumin (BSA, Aladdin, #A104912, China), cata-
lase (CAT, Aladdin, #C128526, China), α-chymotrypsin 
(α-CT, Sigma-Aldrich, #C4129, Germany), and lysozyme 
(Lys, Aladdin, #L105521, China), each with different 
molecular weights and isoelectric points. Nanocapsules 
loaded with proteins were constructed using the above 
protocol. Since the synthetic procedures contained two 
proteins (HSA and cargo proteins), the cargo proteins 
were conjugated with fluorescein5(6)-isothiocyanate 
(FITC, Aladdin, #F106837, China) to quantify the load-
ing efficiencies. The samples were purified and con-
centrated by lyophilization. The labeling efficiency was 
calculated using Beer-Lambert’s law through ultraviolet 
visible spectrum (UV–vis, UV-2450, Shimadzu, Japan). 
Furthermore, the nanocapsules loaded with fluorescent 
proteins were synthesized using the same methods. The 
fluorescence intensity  IFITC at 520  nm emission wave-
length under excitation at 488 nm of proteins-FITC was 
recorded by a fluorescence meter (HORiBA Fluoro-
max-4, Horiba Scientific, Japan) to quantify the loading 
efficiencies. To achieve brain targeting ability, rabies virus 
glycoprotein (RVG29) was used for the surface function-
alization of NPs. CNCs were incubated with RVG29 at a 
mass ratio of 4 eq of CNCs per 1 eq of RVG29 in PBS for 
1  h to obtain virus-inspired CAT-loaded nanocapsules 
(VCNCs). Unabsorbed RVG29 was removed by mem-
brane dialysis (5  kDa) in ultrapure water at pH 7.4 for 
4  h. For the control group (virus-inspired nanocapsules 
(VNCs)), only HSA (1500 μL) was used for synthesis. The 
hydrodynamic diameters  dh(N) and ζ-potential values of 
the samples during the synthetic procedures were meas-
ured by DLS and LDA, respectively. The shape of VCNCs 
and CNCs was determined using transmission electron 
microscopy (TEM, Talo F200S SUPERX, Thermo Sci-
entific, USA). To obtain TEM images, a droplet of the 
sample was placed on top of a copper grid. The synthe-
sis protocol for the inner core NPs and the FITC labe-
ling protocol are detailed in the supporting information 
section.
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Structural characterizations of 5‑HT covalent bonds
To confirm the formation of 5-HT covalent bonds, 
the structure was characterized using UV–vis 

spectra and Fourier Transform Infra-Red (FTIR, Nicolet 
is 50, Thermo Scientific, USA). Additionally, CAT, HSA, 
5-HT, VCNCs, CNCs, and VNCs at a concentration of 

Scheme 1 Schematic illustration of nanocapsules for synergistic antidepression therapy
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C = 1 mg/mL were characterized using UV–vis spectros-
copy and FTIR spectroscopy.

Characterizations of VCNCs, CNCs, and VNCs
The morphology of the nanocapsules was character-
ized using DLS and TEM. The colloidal stability of the 
nanocapsules was studied using DLS in PBS. Specifi-
cally, 1 mg of nanocapsules was mixed with 1 mL of PBS, 
and the hydrodynamic diameter  dh(N) and ζ-potential 
were measured using DLS over a total period of 12 d. 
The enzyme stability of CAT in CNCs and VCNCs was 
evaluated in PBS over a period of 5 d. For this, VCNCs, 
CNCs, and free CAT were dissolved in 1 mL of PBS at a 
concentration of  CCAT  = 10 μg/mL each and were kept at 
room temperature for 5 d. The CAT viability was meas-
ured at t = 0 h as a control using a testing kit (Solarbio, 
#BC0200, China). After the specific incubation times, 
the data were measured and normalized to V = 100% at 
t = 0  h. The data are presented as viability percentages. 
To explore the anti-adsorption properties of unspecific 
proteins, the interaction between the nanocapsules and 
bovine serum albumin (BSA) was investigated. Briefly, 
0.5  mL of VCNCs, CNCs, and VNCs at a concentra-
tion of  CNPs = 1  mg/mL was incubated with 0.5  mL of 
BSA at a concentration of  CBSA = 1  mg/mL on a shaker 
for 24  h. At specific time points, the free proteins were 
separated using an ultracentrifuge filter (cutoff molecu-
lar weight 100 kDa) at 2000 rpm for 10 min. The eluents 
were collected and tested using BCA assays according 
to the instructions (Beyotime, #P0010, China). The data 
were normalized using the sham group (BSA alone). To 
quantify the 5-HT concentration in the nanocapsules, 
the UV–vis spectra of different dilutions of 5-HT were 
measured, and the UV–vis absorbance at 204 nm versus 
the 5-HT concentration was fitted with a linear function. 
The absorbances of VCNCs, CNCs, and VNCs at 204 nm 
were extracted to calculate the concentration of 5-HT. 
Next, the protein concentrations in the nanocapsules 
were measured using a BCA assay (Beyotime, #P0010, 
China), and the CAT concentration was measured using 
a testing kit (Solarbio, #BC0200, China) according to the 
instructions.

Stimuli‑responsive release of 5‑HT
To simulate the real environment, we tested the release of 
5-HT in PBS buffer (pH 7.4), citric acid-Na2HPO4 buffer 
(pH 6.4), pH 7.4 + ROSUP buffer, and pH 6.4 + ROSUP 
buffer (1:1000, Beyotime, #S0033S, China). Initially, we 
characterized the morphology changes of nanocapsules 
in acidic and inflammatory conditions. We immersed 
1  mg of VCNCs, CNCs, and VNCs respectively in 
1  mL of pH 6.4 buffer (Citric acid-Na2HPO4 buffer), 

pH 7.4 + ROSUP buffer, and pH 6.4 + ROSUP buffer for 
8 d. At specific time points, we tested the mean hydro-
dynamic diameter  dh(N) by dynamic light scattering 
(DLS). We also measured the nanocapsule degradation 
using high-performance liquid chromatography (HPLC, 
Agilent 1260 Infinity, Agilent Technologies, USA) and 
ESI. VCNCs, CNCs, and VNCs at a concentration of 
 C5-HT = 5000  μg/mL were dissolved in different media, 
namely pH 7.4 (PBS), pH 6.4 buffer, pH 7.4 + ROSUP 
buffer (1:1000), and pH 6.4 + ROSUP buffer (1:1000) for 
72 h. The mixture was then placed in an ultracentrifuge 
tube with a 3 kDa cutoff and centrifuged at 8000 rpm for 
30  min. The remaining NPs and proteins were retained 
in the filters, while the liberated 5-HT monomers were 
eluted. We collected the eluate and analyzed it by HPLC. 
Next, we collected the separated samples at retention 
time from 2 to 4  min and tested them by ESI–MS. To 
quantify the cumulative release profile of 5-HT, we meas-
ured the eluate by HPLC at different time points. To dem-
onstrate that CAT protects the structure of 5-HT under 
oxidative conditions, we incubated 150  μg/mL of 5-HT 
with CAT (2  μg/mL) for 1  h in pH 7.4 + ROSUP buffer. 
The control groups represented the same concentration 
of 5-HT and CAT, respectively, in pH 7.4 + ROSUP buffer 
for 1 h. Additionally, 150 μg/mL of 5-HT was incubated 
in ultrapure water for 1  h. After incubation, samples 
were centrifuged with ultracentrifuge tubes with a cutoff 
molecular weight of 3 kDa at 8000 rpm for 30 min. The 
eluent was characterized by UV–Vis spectra. The meth-
ods of HPLC are shown in the supporting information. 
To comprehensively investigate the polymerization of 
5-HT in this study, we synthesized poly(5-HT) using the 
same method without the presence of proteins. To obtain 
the degraded poly(5-HT), the powder of poly(5-HT) was 
incubated with a pH 6.4 buffer (Citric acid-Na2HPO4 
buffer) for 72  h. The structure of samples was meas-
ured using FTIR (Nicolet is 50, Thermo Scientific, USA), 
X-Ray Photoelectron Spectroscopy (XPS, ESCALAB 
Xi + , ThermoFischer, USA), Electrospray Ionization 
Mass Spectroscopy (ESI–MS, LTQ Orbitrap Velos Pro, 
Thermo Scientific, USA). The detailed information of 
methods are provided in suppporting information.

Fluorescence labeling
Human serum albumin (HSA, Aladdin, #H304436, 
China) was labeled with Cy5.5 NHS (Aladdin, #C171354, 
China) and Cy7.5 NHS (Aladdin, #C171364, China), and 
rabies virus glycoprotein (RVG29, Glbiochem, China) 
was labeled with FITC (Aladdin, #F106387, China). The 
labeling process is described in detail in the supporting 
information. HSA-Cy5.5 or HSA-Cy7.5 and RVG29-FITC 
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were used to construct fluorescence-labeled nanocap-
sules using the method described above.

Cell cultures and cytotoxicity assays
Mouse brain cell line bEnd.3 cells and rat pheochromo-
cytoma cell line PC-12 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, USA) supple-
mented with 10% fetal bovine serum (Excell, China) and 
100U/mL penicillin/streptomycin (Gibco, USA) at 37 °C 
and 5%  CO2.

The resazurin assay was used to evaluate the cell viabil-
ity of bEnd.3 and PC-12 cells after exposure to VCNCs, 
CNCs, VNCs, CAT, 5-HT, and HSA. PC-12 and bEnd.3 
cells were seeded in 96-well plates with 0.32  cm2 growth 
area per well at a density of 30,000 cells in 150  μL 
medium per well. After overnight growth, the cells were 
exposed to different samples for 24 and 48 h. The concen-
tration ranges of all the samples are shown in Additional 
file  1: Table  S4. After incubation, the cells were washed 
once with 150  μL of PBS. Then, 100  μL of 10% resa-
zurin solution (0.25 mg/mL, Aladdin, #R105538, China) 
in complete cell media was added to the cells and incu-
bated for 4 h. The OD value of each well was measured 
at 570 nm and 600 nm using a microplate reader (Epoch, 
BioTek, USA). The OD value is positively related to the 
number of living cells. The OD values of cells incubated 
with test samples were normalized to the cell medium 
containing resazurin which had not been exposed to cells 
and samples. The cell viability was calculated using Eq. 1 
and Additional file 1: Table S4. 

 Where  Eoxi570 = molar extinction coefficient of oxi-
dized resazurin agent at 570 nm = 80,586;  Eoxi600 = molar 
extinction coefficient of oxidized resazurin agent at 
600  nm = 117,216;  Ered570 = molar extinction coeffi-
cient of reduced resazurin agent at 570  nm = 155,677; 
 Ered600 = molar extinction coefficient of reduced resa-
zurin agent at 600  nm = 14,652; A570 = absorbance of 
samples at 570  nm; A600 = absorbance of samples at 
600  nm; C570 = absorbance of negative controls (cell 
medium with resazurin agent) at 570 nm; C600 = absorb-
ance of negative controls (cell medium with resazurin 
agent) at 600 nm.

Endocytosis studies using flow cytometry
In this study, we employed flow cytometry (BD LSR For-
teassa Biosciences, USA) to analyze the cellular uptake of 
VCNCs-Cy5.5, CNCs-Cy5.5, and VNCs-Cy5.5. Initially, 
bEnd.3 cells were seeded at a density of 150,000  cells/
mL in a volume of 1  mL into 24-well plates (growth 

(1)
%Reduction of resazurin agent = (Eoxi600 × A570)−(Eoxi570 × A600)/(Ered570 × C600)−(Ered600 × C570)

area = 1.9   cm2) and were allowed to incubate overnight. 
Subsequently, the cells were incubated with fresh cell 
medium containing Cy5.5 labeled nanocapsules at a con-
centration of  C5-HT = 25  μg/mL for 1, 3, and 5  h. Time-
dependent endocytosis of nanocapsules was monitored 
by characterizing the cellular fluorescence over time 
using flow cytometry. At specific time points, the super-
natant was removed, and cells were washed twice with 
1  mL of PBS. The cells were then detached by adding 
0.1 mL of 0.05% trypsin/EDTA solution (Procell, China) 
and neutralized with 0.4  mL of complete cell medium. 
We collected the cells by centrifugation at 400g for 8 min, 
and the obtained cell pellet was resuspended in 0.2  mL 
of PBS and analyzed using flow cytometry (BD LSR For-
teassa Biosciences, USA). For each experiment, 20,000 
gated cells were counted and analyzed.

In vitro model for detecting the penetration efficiency 
of nanocapsules
PC-12 cells and bEnd.3 cells were used to construct an 
in  vitro blood–brain barrier (BBB) penetration model. 
Briefly, bEnd.3 cells were seeded onto transwell filters 
(pore size 0.4 μm, 6.5 mm, Costar, USA) at a density of 
80,000 cells/well. Meanwhile, PC-12 cells were seeded 
into 24-well plates (surface area 1.9   cm2) with 120,000 
cells per well in 1  mL of complete cell medium. It’s 
important to note that bEnd.3 cells and PC-12 cells were 
not in the same well. The next day, the cells were exposed 
to 0.3  mL of VCNCs-Cy5.5, CNCs-Cy5.5, and VNCs-
Cy5.5  (C5-HT = 25 μg/mL) in complete cell medium for an 
exposure time of  texp = 3 h. After that, one part was used 

for the analysis of the uptake study, characterized by flow 
cytometry. The other part was used for further study. The 
supernatant was replaced by washing with PBS twice, 
and the cells were further incubated with fresh medium. 
The insert filters containing bEnd.3 cells were further 
coincubated with PC-12 cells at the lower chamber for 
another incubation time of  tinc = 24 h to characterize the 
penetration of nanocapsules from the apical chamber to 
the basolateral chamber. The intracellular fluorescence 
of collected cells in the apical chamber and basolateral 
chamber was analyzed by flow cytometry to calculate the 
penetration efficiency at  texp +  tinc = 3 h + 24 h. The intra-
cellular fluorescence per cell decreases over time due to 
proliferation. Cell proliferation needs to be taken into 
account when studying permeability efficiency. There-
fore, the number of cells in every testing sample was 
counted. The normalized penetration efficiencies were 
calculated from the data in Additional file 1: Fig. S28 and 
Fig.  3A, multiplied by the growth factor in Additional 
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file 1: Fig. S29. The penetration efficiency was also visu-
alized by confocal laser scanning microscopy (CLSM; 
LSM900, Zeiss, Germany). At  texp +  tinc = 3  h + 24  h, the 
PC-12 cells and bEnd.3 cells were fixed with 4% para-
formaldehyde (100 μL/well), washed twice with PBS, and 
stained with DAPI (Beyotime, #C1006, China) at 37  °C. 
The images of the samples were finally captured under 
CLSM. To further study the integrity of nanocapsules 
after passing through bEnd.3 cells, dual-labeled nanocap-
sules (HSA-Cy5.5, RVG29-FITC) were adopted to estab-
lish the transwell system. The methods were the same as 
the ones using Cy5.5 labeled nanocapsules.

Cellular anti‑inflammation of nanocapsules after passing 
through bEnd.3 cells
To assess the anti-inflammatory properties of nanocap-
sules after passing through bEnd.3 cells, we investigated 
their ability to scavenge ROS. 2ʹ,7ʹ –dichlorofluorescein 
diacetate (DCFH-DA) is commonly used to detect intra-
cellular ROS levels. To induce intracellular ROS produc-
tion, we added the ROSUP reagent (1:1000, Beyotime, 
#S0033S, China) to PC-12 cells in serum-supplemented 
medium for 0.5  h. The cells were pre-incubated with 
bEnd.3 cells containing nanocapsules in the transwell fil-
ter for  texp +  tinc = 3  h + 24  h. The PC-12 cells were then 
washed twice with PBS and incubated with 0.5  mL of 
0.1% DCFH-DA (Beyotime, #S0033S, China) diluted in 
serum-free DMEM medium for 0.5 h at 37 °C. The cells 
were then washed twice with PBS and exposed to 0.5 mL 
of FBS-free DMEM medium. The fluorescence of DCFH 
was measured using a microplate reader (Envision@2015, 
PerkinElmer, USA) and an inverted fluorescence micro-
scope (Eclipse Ti2, Nikon, Japan) at excitation and emis-
sion wavelengths of 488 nm and 520 nm, respectively. To 
investigate whether phenolic hydroxyl groups in 5-HT 
polymerization influences ROS concentration, we per-
formed additional experiments using the same methods 
as described above. Further details of these experiments 
are provided in the supporting information.

Cytoplasmic calcium concentration assay
To assess changes in cytoplasmic calcium concentra-
tion, we used Fluo-4 AM (Beyotime, #S1060, China). 
We seeded 150,000 PC-12 cells in 1  mL of cell culture 
medium with 10% FBS in a 24-well plate (growth area 
1.9   cm2) and incubated them overnight. The cells were 
then exposed to different concentrations of VCNCs, 
CNCs, VNCs, 5-HT, CAT, and HSA for 3 h, as specified 
in Additional file 1: Table S5. After exposure, we washed 
the PC-12 cells twice with 1  mL of PBS and stained 
them in 0.5 mL of FBS-free DMEM medium containing 
0.2 μM Fluo-4 AM for 0.5 h. The cells were then washed 
twice with PBS and kept stained for another 0.5  h. The 

fluorescence of Fluo-4 was detected using a microplate 
reader (Envision@2015, PerkinElmer, USA) at excita-
tion and emission wavelengths of 488  nm and 520  nm, 
respectively.

Cellular release of 5‑HT monomers from nanocapsules
To investigate the cellular release of 5-HT monomers 
from nanocapsules, PC-12 cells were seeded in 24-well 
plates with a surface area of 1.9   cm2 at a density of 
150,000 cells per well in a volume of 1 mL. The follow-
ing day, pH 6.4 medium was prepared by mixing 1  M 
HCl and serum-supplemented medium to obtain the 
medium at pH 6.4. The ROSUP medium was prepared 
by diluting 1 μL of ROSUP reagent (Beyotime, #S0033S, 
China) with 1  mL of complete DMEM medium. Cells 
were incubated with VCNCs, CNCs, and VNCs at a dose 
of  C5-HT = 25 μg/mL in complete DMEM media, pH 6.4 
media, ROSUP media (1:1000), and pH 6.4 + ROSUP 
media for 3  h. After incubation, the supernatant above 
the cells was collected, and the cells were washed twice 
with PBS. The cells were detached from the 24-well plate 
using 0.05% trypsin/EDTA in a volume of 0.1 mL. After 
aspirating the trypsin, 0.3  mL of medium was added to 
collect the cell pellets, which were then centrifuged at 
400g for 8 min and washed twice with PBS to obtain the 
cell pellet. Each sample was added to 0.1 mL of PBS, and 
a handheld homogenizer was used to crumb the cell sam-
ples. The supernatant and cell samples were then ana-
lyzed using a 5-HT Elisa Kit (Elabscience, #E-EL-0033c, 
China), following the manufacturer’s instructions.

Behavioral tests and chronic unpredictable mild stress 
(CUMS) model
Male C57bl/6j mice (3–4 w) were obtained from Hunan 
SJA laboratory animal Co., Ltd (Changsha, China) and 
were housed at a constant temperature of 21 °C and 50% 
humidity. All procedures were approved by the Com-
mittee on Experimental Animal at XiangYa Hospital, 
Central South University (grant number: 2022020460). 
After one week of habituation, behavioral tests were used 
to select mice with normal locomotion. Subsequently, 
the mice were subjected to different and repeated 
unpredictable stressors for five weeks to establish the 
CUMS model. The CUMS-induced depressed mice 
were exposed to various mild stressors that changed 
from day to day to establish an unpredictable proce-
dure. The stressors involved changes in the environment 
(reversed light/dark cycle, restraint, cage tilting, strobe 
light, wet bedding), social stressors (crowding), fear 
stressors (cold swim, tail pinch), and water/food depri-
vation. A detailed account of the procedures in the five 
weeks is provided in Additional file  1: Table  S6. Behav-
ioral tests were used to confirm the establishment of the 
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CUMS depression model. Subsequently, the mice were 
randomly divided into six groups (n = 6): 0.9% saline 
(CUMS + saline), 400  μg/kg fluoxetine (CUMS + Flu), 
 C5-HT: 400  μg/kg VCNCs (CUMS + VCNCs),  C5-HT: 
400  μg/kg CNCs (CUMS + CNCs),  C5-HT: 400  μg/kg 
VNCs (CUMS + VNCs) via intravenous injection at 2-day 
intervals for two weeks. To maintain the depressed state, 
the mice continued to be subjected to stressors during 
the treatment session (Additional file 1: Table S7). Finally, 
the therapeutic outcomes were measured using three 
behavioral tests: the sucrose preference test (SPT), open 
field test (OFT), and forced swim test (FST). The results 
were analyzed using Smart V03 software. The details 
of the behavioral tests are provided in the supporting 
information.

Blood collections and measurements
After the third-session behavioral tests, blood was drawn 
from the mice’s eyeball. One part of the blood was col-
lected in heparin anticoagulant tubes, and the blood 
panel parameters were measured using an Automatic 
Analyzer. Another part of the blood was left undisturbed 
at room temperature for 30  min to allow it to clot. The 
samples were then centrifuged at 4000g for 10  min at 
4  °C to remove the clot and collect the serum. The ala-
nine aminotransferase (ALT), aspartate aminotransferase 
(AST), and blood urea nitrogen (BUN) in the serum 
were analyzed using an Automatic Analyzer. The serum 
cortisol level was characterized using the ELISA kit 
(Elabscience, #E-EL-0161c, China) according to the man-
ufacturer’s instructions.

In vivo brain targeting ability
To investigate the brain targeting ability of the nanocap-
sules, we intravenously injected Cy7.5-labeled nanocap-
sules at a dose of  C5-HT: 400  μg/kg into male C57bl/6j 
mice (20–25  g) and CUMS mice for 3  h. To minimize 
interference from fur, a large portion of the mice’s fur 
was removed before injection. We used the IVIS Lumina 
II (Perkin Elmer, USA) to observe the in  vivo fluores-
cence of Cy7.5. Subsequently, we harvested the brains 
for ex vivo fluorescence imaging. To further validate our 
findings, we conducted a similar study on nude mice 
(4 w) that received intravenous administration of Cy5.5-
labeled nanocapsules at  C5-HT: 400  μg/kg. After 3  h of 
injection, we used the IVIS Lumina II to observe the 
in vivo fluorescence.

The measurements of biochemical factors 
in the hippocampus
For the enzyme-linked immunosorbent assay (ELISA) 
study, the dissected hippocampus was added to PBS and 
homogenized for 1 min. The sample solutions were then 

measured using IL-6 (Elabscience, #E-MSEL-M0001, 
China), IL-1β (Elabscience, #E-EL-M0037c, China), 
TNF-α (Elabscience, #E-EL-M3063, China), BDNF (Elab-
science, #E-EL-M0203c, China), Nrf2 (Cusabio, #CSB-
E16188m, China), and 5-HT ELISA kits (Elabscience, 
#E-EL-0033c China) according to the manufacturer’s 
instructions. Furthermore, the protein concentration 
of samples were analyzed by BCA anssys (Beyotime, 
#P0010, China). The biochemical factors were normal-
ized by the protein concentrations. For reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR), 
the total RNA of the hippocampus was extracted with 
TrizolTM Reagent (Life Technologies, Carlsbad, USA), 
and PCR amplification was performed using GoS-
criptTM Reverse Transcription System (Promega, 
#A5000, USA). The sequences of primers are provided 
as follows. The RT-qPCR was analyzed using GoTaq@ 
qPCR Master Mix (A6001, Promega, USA). The rela-
tive mRNA expression of target genes was monitored by 
QuantStudio 6 Flex (Applied Biosystems, Life Tech-
nologies, USA) with the  2−△△Ct method. Endogenous 
GAPDH was adopted as the negative control. The primer 
pairs were as follows: GAPDH, forward 5ʹ-GCC AAG 
GTC ATC CAT GAC AACT-3ʹ, reverse 5ʹ-GAG GGG CCA 
TCC ACA GTC TT -3ʹ; NLRP3, forward 5ʹ-CTC GCA TTG 
GTT CTG AGC TC-3ʹ, reverse 5ʹ-AGT AAG GCC GGA 
ATT CAC CA-3ʹ; BDNF, forward 5′-CAG GGG CAT AGA 
CAA AAG -3ʹ, reverse 5ʹ-GAG GGG CCA TCC ACA GTC 
TT-3ʹ; Nrf2, forward 5ʹ-CTA TAG GTC CCG TTC GCT 
GAG-3ʹ, reverse 5ʹ-AAG AGA CCT CCG TCGGT ACT-3ʹ; 
Iba 1, forward 5ʹ-CAG ACT GCC AGC CTA AGA CA-3ʹ, 
reverse 5ʹ- AGG AAT TGC TTG TTG ATC CC -3ʹ; GFAP, 
forward 5ʹ- CCT TCT GAC ACG GAT TTG GT-3ʹ, reverse 
5ʹ- TAA GCT AGC CCT GGA CAT CG-3ʹ. The expressions 
of Nrf2 and BDNF were detected by western blot (WB) 
analysis. The methods of WB are povided in the support-
ing information.

Histological assays
After blood collection, one part of the mice was perfused 
with PBS and 4% paraformaldehyde, and the brains were 
harvested, embedded in paraffin and OCT compound, 
and sectioned into 4 μm and 9 μm thickness, respectively. 
Other parts of the mice were sacrificed after blood col-
lection, and major organs (heart, liver, spleen, lung, and 
kidney) and brain were harvested. The hippocampal 
regions were dissected from the brain on ice and stored at 
− 80 °C. The slices were processed with ROS fluorescent 
staining, immunofluorescence staining, immunohisto-
chemistry (IHC), Nissl, and Hematoxylin–eosin staining 
(HE). Details are provided in the supporting information.



Page 9 of 24Liu et al. Journal of Nanobiotechnology          (2023) 21:274  

mRNA sequencing analysis
Total RNA was extracted from the hippocampus of mice 
brains using TrizolTM Reagent (Life Technologies, Carls-
bad, USA), and mRNA was purified from total RNA 
using poly-T oligo-attached magnetic beads. First-strand 
cDNA was synthesized using a random hexamer primer 
and M-MuLV Reverse Transcriptase. Subsequently, sec-
ond-strand cDNA synthesis was performed using DNA 
Polymerase I and dNTP. The AMPure XP system (Beck-
man Coulter, Beverly, USA) was used to select cDNA 
fragments with a length of 370–420 bp for PCR amplifi-
cation. After PCR procedures, the product was purified 
by AMPure XP beads to obtain the library. The quality 
of the library was tested using the Qubit2.0 Fluorom-
eter and Agilent 2100 bioanalyzer. After confirming that 
the insert size met the expectation, the concentration of 
the library was quantified using qRT-PCR. The different 
libraries were pooled according to the effective concen-
tration and the target amount of data off the machine, 
and then sequenced using the Illumina NovaSeq 6000. 
For differential expression analysis, the read counts were 
normalized using the DESeq2 program through the 
scaling factor. P values were adjusted using the Benja-
mini & Hochberg method. A padj ≤ 0.05 and |log2(fold 
change)|≥ 1.5 were set as the threshold for significantly 
differential expression. The Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database and Gene Ontology 
(GO) were used to identify enriched pathways through 
the clusterProfiler R package (3.8.1). Gene Set Enrich-
ment Analysis (GSEA) is a computational approach to 
determine significant differences between two samples. 
The genes were ranked to check for enriched genes at the 
top or bottom of the Gene Set list.

Results and discussion
Design and fabrication of network nanocapsules
The formation of 5-HT polymerization is the basement 
for protein delivery. Therefore, the pH value for trigger-
ing the formation of 5-HT covalent bonds was firstly 
determined. In brief, the inner-core nanoparticles (NPs) 
were obtained via the facile one-step method wherein 
5-HT was mixed with CAT + HSA  (mCAT :  mHSA = 1:4) in 
pH 7.4 or pH 9.5 Tris–HCl buffer, and the mixture was 
kept under stirring for 20 h. The obtained inner-core NPs 
were incubated with HSA at a mass ratio of 1:1 in phos-
phate-buffered saline (PBS) to get CAT-loaded nanocap-
sules (CNCs). In a Tris–HCl buffer solution having pH 
9.5, the transparent mixture solution turned brownish, 
indicating the formation of 5-HT covalent bonds can be 
easily initiated and CAT can be successfully coloaded. 
Following the surface absorption of HSA, the obtained 
nanocapsule was characterized by dynamic light scat-
tering (DLS). The nanocapsules were observed to be 

124.3 ± 8.00 nm in hydrodynamic diameters  dh(N) with a 
surface ζ-potential of − 17.47 ± 1.33 mv (Additional file 1: 
Fig. S1). Conversely, the solution remained transparent 
at pH 7.4. DLS could only detect free proteins of < 10 nm 
in hydrodynamic diameters  dh(N) with a high negative 
ζ-potential, indicating the failure of nanocapsule forma-
tion. Therefore, the above data showed the nanocapsules 
from 5-HT polymerization were successfully constructed 
at pH 9.5 [26–29]. These properties indicate that 5-HT is 
primarily adsorbed on the protein surface via π-π stack-
ing, hydrogen bonds, and van der Waals forces [30], 
thereby allowing the formed 5-HT polymerization to 
load the proteins simultaneously.

Subsequently, we investigated the generality and mod-
ularity of our synthetic strategies by loading four kinds of 
proteins, including bovine serum albumin (BSA), CAT, 
lysozyme (Lys), and α-chymotrypsin (α-CT) with dif-
ferent molecular weights (from 14 to 240 kDa) and iso-
electric points (from 4.7 to 11.1) (Fig. 1A). The obtained 
nanocapsules loaded with the different proteins were 
characterized by DLS, and the results demonstrated that 
the hydrodynamic diameters  dh(N) of those NPs were 
approximately 100–250  nm with a negative ζ-potential 
(Fig. 1B and Additional file 1: Fig. S2). To further evaluate 
loading efficiency, the proteins were separately labeled 
with FITC (Additional file  1: Fig. S3 and Table  S1). The 
nanocapsules loaded with different fluorescent pro-
teins were synthesized according to the above-described 
method. The loading efficiencies were detected via FITC 
fluorescence (Additional file 1: Fig. S4 and Table S2). In 
this case, the data indicated that the formation of 5-HT 
polymerization is a simple yet effective procedure to 
cargo different types of protein.

We next constructed nanoantidepressants with CAT. 
CNCs were incubated with RVG29  (mCNCs:  mRVG29 = 4:1) 
to obtain the nanoantidepressants (virus-inspired CAT-
loaded nanocapsules, VCNCs). Meanwhile, only HSA 
without CAT was used as the negative control (virus-
inspired nanocapsules, VNCs). Transmission electron 
microscopy (TEM) images confirmed the successful 
synthesis of nanocapsules with spherical shapes (Fig. 1C 
and Additional file 1: Fig. S5). Surface modification with 
RVG29 exhibited negligible impact on the hydrody-
namic diameters  dh(N) of NPs (Fig. 1D). During the pro-
cedures, the hydrodynamic diameters  dh(N) of all the NPs 
was ~ 150 nm. The ζ-potentials of the NPs were reduced 
by further surface decoration with RVG29 (VCNCs and 
VNCs) (Fig.  1E). To verify the chemical and structural 
variations during the synthetic procedures, the ultra-
violet–visible (UV–vis) spectra of VCNCs, CNCs, and 
VNCs were obtained, which displayed a slight blue shift, 
and the maximum absorbance peaked at a wavelength 
of 204 nm, attributed to benzene (Additional file 1: Fig. 
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S6A). Fourier transform infrared spectrum further dis-
played the signals at 1300–1000  cm−1 related to the C–O 
stretching vibration of the phenolic hydroxyl group. 
The amide II band of the proteins at 1500–1600   cm−1 
was chiefly derived from the C–N stretching vibration 
(Additional file  1: Fig. S6B). Proportions of 5-HT, CAT, 
and proteins in the nanoantidepressant were quantified 
(Table  1). The concentration of 5-HT was determined 

by UV–vis spectra using the standard curve (Additional 
file  1: Fig. S7). The amount of CAT and protein was 
detected by the test kits. The mass ratio between CAT 
and 5-HT was 81.90 ± 4.58 (for VCNCs) and 82.74 ± 10.45 
(for CNCs). The percentage of 5-HT in VCNCs, CNCs, 
and VNCs was 14.00 ± 1.11%, 17.95 ± 0.50%, and 
14.06 ± 0.87%, respectively. For CNCs, the concentra-
tion of  C5-HT +  Cprotein was almost equal to the theoreti-
cal value (1000  μg/mL). The theoretical percentage of 

Fig. 1 Characterizations of network nanocapsules. A Model proteins with different isoelectric points and molecular weights were used in this study. 
B Size distribution N(dh) and surface ζ-potential distribution I(ζ) of the nanocapsules loaded with model proteins were measured in ultrapure water 
at a concentration of  CNPs = 1 mg/mL. C TEM images of VCNCs. D Number distribution N(dh) and E surface ζ-potential of VCNCs, CNCs, and VNCs 
were recorded in ultrapure water at a concentration of  CNPs = 1 mg/mL. F Time-dependent colloidal stability of VCNCs, CNCs, and VNCs  (CNPs = 1 mg/
mL) in PBS was measured in terms of hydrodynamic size  dh(N). G Relative CAT viability  VCAT  in VCNCs, CNCs, and free CAT was measured at the same 
amount of CAT  CCAT  = 10 μg/mL in PBS for up to 5 d. Data at each time point were normalized to V = 100% at t = 0 d (n = 3). H Time-dependent ratio 
of anti-BSA absorption of VCNCs, CNCs, and VNCs was measured (n = 3)



Page 11 of 24Liu et al. Journal of Nanobiotechnology          (2023) 21:274  

RVG29 should be 20%, while the calculated percentage of 
RVG29 was approximately 17% for VCNCs and 16% for 
CNCs (Table 1). Then, the nanocapsules were incubated 
with PBS for 12 d to assess their colloidal stability. The 
hydrodynamic diameters  dh(N) and ζ-potential remained 
stable during the measurement, indicating that the 
obtained nanoantidepressants exhibited high colloidal 
stability under neutral conditions (Fig. 1F and Additional 
file  1: Fig. S8). Next, we investigated the formulation of 
the nanocapsules that improved the stability of the enzy-
matic activity. The viabilities of CAT  VCAT  in VCNCs and 
CNCs were much higher than that of free CAT in PBS at 
5 d (Fig. 1G). In a more complex biological environment, 
mimicked by incubating VCNCs, CNCs, and VNCs in 
BSA solutions, ~ 100% of unabsorbed protein ratios were 
observed after 24 h (Fig. 1H). This suggests that through 
surface modifications with HSA, non-specific protein 
adsorption on nanoantidepressants can be largely avoid. 
The above results demonstrate the successful preparation 
of nanoantidepressants with desirable colloidal stability 
and high enzyme activity preservation.

Stimuli‑responsive releases of 5‑HT from sacrificial 
nanocapsules
The strategy of utilizing self-immolative dynamic bonds 
enables precise drug release at the lesion site through 
stimuli-responsiveness, thereby enhancing efficacy and 
minimizing side effects [31, 32]. The depressive neuronal 
microenvironment is an inflammatory condition with 
a slightly acidic pH. We hypothesized that self-immo-
lative nanocapsules would degrade under mildly acidic 
conditions, thereby releasing 5-HT monomers [33]. To 
further evaluate this stimuli-responsive release, a neu-
tral condition at pH 7.4 was selected to simulate 5-HT 
release from nanoantidepressant in circulation, whereas 
pH 6.4, pH 7.4 + ROSUP, and pH 6.4 + ROSUP (reactive 
oxygen species up, 1:1000) conditions were selected to 
determine the release in a depressive neuronal micro-
environment. These four conditions were adopted to 
comprehensively delineate the release of 5-HT following 

systemic delivery. First, we analyzed the transformations 
of the nanocapsules under acidic and inflammatory con-
ditions using DLS. A mildly acidic buffer at pH 6.4 ini-
tially caused an increase in the hydrodynamic diameters 
 dh(N) of the VCNCs (Additional file 1: Fig. S9A). Subse-
quently, the intermediate aggregation of VCNCs exhib-
ited time-dependent disintegration. Conversely, CNCs 
and VNCs gradually degraded in the pH 6.4 buffer. CNCs 
and VNCs then showed pronounced aggregation in the 
pH 7.4 + ROSUP buffer, whereas VCNCs mildly aggre-
gated in the condition (Additional file 1: Fig. S9B). Next, 
VCNCs initially formed the aggregation, and the aggre-
gation progressively degraded in pH 6.4 + ROSUP buffer. 
CNCs and VNCs still formed significant aggregation in 
pH 6.4 + ROSUP buffer (Additional file 1: Fig. S9C). The 
results indicated that the pH value degraded nanocap-
sule, while the ROSUP condition induced nanocapsule 
aggregation. Compared with VCNCs, CNCs formed 
significant aggregation under ROSUP conditions. We 
hypothesized that surface modification with RVG29 
would increase the colloidal stability of the nanocapsules 
under ROSUP conditions. Furthermore, CAT decreased 
ROS concentration, thereby the aggregation of VCNCs 
degraded under pH 6.4 + ROSUP condition.

Next, the release of 5-HT monomer at pH 6.4, pH 
7.4 + ROSUP and pH 6.4 + ROSUP conditions was 
detected from high-performance liquid chromatog-
raphy (HPLC). The appearance of peaks (t = 2–4  min) 
from three nanocapsules corresponding to 5-HT mono-
mers indicated the disintegration of the nanocapsules 
(Fig.  2A and Additional file  1: Fig. S10). ESI–MS fur-
ther confirmed the molecular weight of the monomer 
(Fig. 2B). Furthermore, the release profile of 5-HT from 
self-immolative nanocapsules was quantified using HPLC 
at specific timepoints. The stability of the three nanocap-
sules was evident by the absence of 5-HT release at pH 
7.4 (Additional file  1: Fig. S12). For VCNCs and VNCs, 
3.04 ± 1.46% and 4.88 ± 2.32% of 5-HT were released 
at pH 6.4 for 168  h, respectively (Fig.  2C, Additional 
file 1: Figs. S13, and S15). We found that CNCs showed 
15.18 ± 4.71% liberation of 5-HT under mildly acidic con-
ditions over 168 h (Fig. 3C and Additional file 1: Fig. S14). 
Despite having similar structures, a faster release of 5-HT 
from CNCs was observed, suggesting that surface modi-
fication with RVG29 protected the nanoantidepressants 
from degradation. The results showed that 1.32 ± 0.17% 
of 5-HT was released from VCNCs within 168  h in the 
pH 7.4 + ROSUP buffer (Fig.  3C and Additional file  1: 
Fig. S16). Notably, the released 5-HT from CNCs and 
VNCs in the pH 7.4 + ROSUP buffer over 168  h was 
barely detectable (Additional file  1: Figs. S10 and S17). 
This resistance can be attributed to ROS-dependent 
aggregation that inhibits nanocapsule degradation. It is 

Table 1 The elemental concentrations of 5-HT, CAT, proteins 
from the NPs at  CNPs = 1 mg/mL

VCNCs CNCs VNCs

C5-HT [μg/mL] 139.99 ± 11.12 179.50 ± 4.98 140.64 ± 8.66

CCAT  [μg/mL] 1.71 ± 0.042 2.19 ± 0.23 /

CCAT  [μg/mL]/C5-HT [μg/
mL]

81.90 ± 4.58 82.74 ± 10.45 /

C5-HT [%] 14.00 ± 1.11 17.95 ± 0.50 14.06 ± 0.87

Cprotein [μg/mL] 689.31 ± 35.22 829.59 ± 29.40 698.98 ± 12.56

C5-HT +  Cprotein [μg/mL] 829.30 ± 24.86 1009.91 ± 26.56 839.62 ± 8.01
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speculated that CAT protects the released 5-HT from 
oxidation in the pH 7.4 + ROSUP buffer by decomposing 
hydrogen peroxide, which is known to prevent oxidative 
damage. This speculation was further confirmed using 
UV–vis spectra, which showed that 5-HT lost its struc-
ture in the pH 7.4 + ROSUP buffer, whereas CAT acted as 
an efficient ROS scavenger and inhibited the oxidation of 

5-HT (Additional file 1: Fig. S18). In the pH 6.4 + ROSUP 
buffer, VCNCs exhibited 7.47 ± 0.78% of released 5-HT 
for 168 h (Fig. 3C and Additional file 1: Fig. S19). Over-
all, these findings suggest that 5-HT can be successfully 
released from the self-immolative nanocapsules trig-
gered by mildly acidic and highly inflammatory buffers. 
The mild acidic condition is the major contributor to 

Fig. 2 Stimuli-responsive degradation of nanocapsules. A The HPLC curve of 5-HT monomers  (C5-HT = 500 μg/mL) and VCNCs  (C5-HT = 5000 μg/mL) 
with different conditions for 72 h. B The samples at retention time (2–4 min) were collected and analyzed them using ESI–MS. C The release profile 
of VCNCs, CNCs, and VNCs at a concentration  C5-HT = 50 μg/mL in different conditions (n = 3). XPS spectra of C 1 s, N 1 s, and O 1 s in D poly(5-HT), E 
5-HT, and F degraded poly(5-HT)
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nanocapsule degradation, while the low release of 5-HT 
from VCNCs is promising for alleviating depressive 
symptoms as an acute increase in 5-HT can induce sero-
tonin syndrome. 

To further investigate polymerization and degrada-
tion processes, 5-HT was dissolved in a pH 9.5 Tris–HCl 
buffer without proteins and stirred for 20  h to obtain 
poly(5-HT). Subsequently, the poly(5-HT) powder was 
incubated with a pH 6.4 buffer (Citric acid-Na2HPO4 
buffer) for 72  h to produce degraded poly(5-HT). The 
poly(5-HT) exhibited slight water solubility, whereas 
degraded poly(5-HT) and 5-HT displayed good solu-
bility in water (Additional file  1: Fig. S20). Due to the 
insolubility of poly(5-HT) in water, we employed solid-
state analysis techniques to investigate their structures, 
namely X-Ray Photoelectron Spectroscopy (XPS) and 
FTIR. The XPS spectra of the C 1 s region revealed four 
distinct peaks, namely C-H/C-NH2 (284.8 eV), C–O/C–
N (286.1  eV), C=O/C=N (288.2  eV), and π-stacking 
(292.5  eV). Similarly, the N 1  s region exhibited two 
peaks corresponding to R-NH2 (399.8  eV) and R-NH-R 
(401.9 eV) for all three samples. It is evident that the pri-
mary amine group is prominent in 5-HT, while its inten-
sity diminishes upon polymerization (Fig. 2D and E). In 
the O 1 s region, three peaks were observed, correspond-
ing to O=C (531.4  eV), O–C (532.6  eV), and H–O–C 
(533.6 eV). In comparison to 5-HT, poly(5-HT) displayed 
an increased abundance of O=C and a decreased inten-
sity of H–O–C. These findings collectively indicate that 
the polymerization of 5-HT is attributed to autoxidation, 
wherein the primary amine groups and phenolic hydroxyl 
groups are consumed. On the other hand, the degraded 
poly(5-HT) exhibits a higher degree of oxidation com-
pared to 5-HT, albeit retaining a portion of primary 
amine groups and phenolic hydroxyl groups (Fig.  2F). 
FTIR spectrum further confirmed the presence of pri-
mary amine groups and phenolic hydroxyl groups in 
poly(5-HT), degraded poly(5-HT), and 5-HT (Additional 
file  1: Fig. S21). The chemical structure of poly(5-HT) 
was characterized using electrospray ionization-mass 
spectroscopy (ESI–MS) for the clear supernatant, and 
the MS spectra indicated the formation of covalent bonds 
from 5-HT (Additional file  1: Fig. S22). Based on the 

results and previous publications, we propose two pos-
sible mechanisms for the release of 5-HT. Firstly, polym-
erization is initiated through the auto-oxidation of 5-HT, 
resulting in the formation of a quinone radical. Subse-
quently, the quinone radical engages in further reac-
tions with the parent molecules of 5-HT, leading to the 
generation of dimer intermediates via intramolecular 
rearrangement. It is worth noting that the amine group 
present in these dimer intermediates can also undergo a 
reaction with quinone intermediates, resulting in the for-
mation of an imine structure. Notably, this imine struc-
ture exhibits susceptibility to degradation under acidic 
conditions. Consequently, the degradation process facil-
itates the release of 5-HT (Additional file  1: Fig. S23A).
Secondly, the functional groups of 5-HT, including amino 
(−NH2) and hydroxyl (−OH), participate in intermolecu-
lar hydrogen-bonding interactions with the hydroxyl and 
primary amino groups of poly(5-HT). Additionally, the 
indole moiety of 5-HT can interact with the aromatic 
heterocycles of poly(5-HT) through π-stacking. As a 
result, the unreacted 5-HT monomers can adsorb onto 
the surface of poly(5-HT) via intermolecular hydrogen-
bonding and π-stacking. Upon the degradation of poly(5-
HT) induced by acidic conditions, 5-HT can be released 
(Additional file 1: Fig. S23B).

In vitro studies of BBB penetrating of nanocapsules
For the in  vitro study, we first evaluated the cytotoxic-
ity of the nanocapsules and reagents, and the results 
exhibited excellent biocompatibility with rat pheochro-
mocytoma PC-12 cells and mouse endothelial bEnd.3 
cells (Additional file  1: Figs. S24 and S25). We then 
investigated the in  vivo BBB penetration of nanocap-
sules. It has been reported that specific binding between 
RVG29 and nAchR may not only mediate BBB pas-
sage but also facilitate cellular uptake [34, 35]. Because 
bEnd.3 cells overexpress nAchR [36, 37], we then evalu-
ated whether RVG29 modification would enhance the 
cellular uptake of VCNCs and VNCs. bEnd.3 cells were 
incubated separately with the three nanocapsules labeled 
with Cy5.5. The fluorescence intensity of intracellular 
Cy5.5 was determined using flow cytometry. Follow-
ing surface modification with RVG29, an obvious shift 

Fig. 3 In vitro studies of network nanocapsules. A Illustration of an in vitro BBB-crossing model. bEnd.3 cells on the transwell filter were 
exposed to VCNCs-Cy5.5 and CNCs-Cy5.5 for an exposure time of  texp = 3 h and  texp +  tinc = 3 h + 24 h at a concentration of  C5-HT = 25 μg/mL. 
Mean Cy5.5 fluorescence per cell  ICy5.5 was measured by flow cytometry for bEnd.3 cells and PC-12 cells. Normalized penetration efficiencies 
of the nanocapsules were calculated based on these results with growth factors. B At  texp +  tinc = 3 h + 24 h, confocal images of VCNCs-Cy5.5 
and CNCs-Cy5.5 in bEnd.3 and PC-12 cells at  C5-HT = 25 μg/mL were obtained, including Cy5.5 channel (red) and DAPI channel (blue). The scale 
bar represents 5 μm. C Fluorescence images and D fluorescence intensities of DCFH, corresponding to the ROS level, were detected in PC-12 cells 
after incubation with VCNCs, CNCs, and VNCs at  texp +  tinc = 3 h + 24 h  (C5-HT: 25 μg/mL, n = 3). The scale bar represents 100 μm. Significant differences 
between groups were analyzed using the one-way ANOVA method, *P < 0.05, **P < 0.01, ***P < 0.001. E The amount of liberated 5-HT was detected 
in PC-12 cells incubated with VCNCs, CNCs, and VNCs  (C5-HT: 25 μg/mL) for 3 h in complete cell media, pH 6.4 cell media, ROSUP cell media, and pH 
6.4 + ROSUP media (n = 3)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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in fluorescence intensity for VCNCs and VNCs was 
observed in the bEnd.3 cells, indicating successful recep-
tor-mediated transcytosis (Additional file  1: Fig. S27). 
The in vitro BBB permeation evaluation was further per-
formed using the transwell system (Fig. 3A). bEnd.3 cells 
were seeded on the insert transwell filter and PC-12 cells 
were seeded in the basolateral chamber. bEnd.3 cells were 
first exposed to VCNCs-Cy5.5 and CNCs-Cy5.5 for 3  h 
(exposure time  texp). Then, the supernatant in the filter 
was replaced with fresh media and incubated with PC-12 
for 24 h (incubation time  tinc). bEnd.3 cells treated with 
VCNCs-Cy5.5 for  texp = 3  h exhibited a positive fluores-
cence signal ratio, 1.64 ± 0.36 times higher than the cells 
treated with the same amount of CNCs-Cy5.5 (Addi-
tional file  1: Fig. S28). At  texp +  tinc = 3  h + 24  h, cellular 
fluorescence inside bEnd.3 and PC-12 cells exposed to 
VCNCs-Cy5.5 were respectively 2.10 ± 0.42 times and 
3.54 ± 1.21 higher than that inside the cells exposed to 
CNCs-Cy5.5 (Fig.  3A). The penetration efficiencies of 
the nanocapsules were further calculated using these 
fluorescence intensities. Because flow cytometry detects 
fluorescence per cell, cell proliferation needs to be con-
sidered (Additional file 1: Fig. S29) [38]. The penetration 
efficiencies were normalized by the ratio of cell numbers, 
following which it was revealed that 76.79% ± 14.29% 
of the targeting VCNCs had penetrated the bEnd.3 cell 
layer and was detected on the basolateral side (Fig. 3A). 
Conversely, only 49.74% ± 14.30% of the nontargeting 
CNCs was found in the basolateral side under the same 
conditions. The confocal images confirmed the differ-
ence between VCNCs and CNCs at  texp +  tinc = 3 h + 24 h, 
indicating that BBB permeation for delivery was achieved 
via RVG29 modifications (Fig.  3B). To further evaluate 
the integrity of nanocapsules during BBB permeation, we 
established the a transwell model with dual-labeled nano-
capsules (HSA-Cy5.5 and RVG29-FITC, Additional file 1: 
Fig. S30). The fluorescence ratio of  IFITC/ICy5.5 was calcu-
lated at  texp and  texp +  tinc. (Additional file 1: Figs. S31 and 
S32). Compared with the one at  texp, the ratio displayed 
a significant decrease at  texp +  tinc, revealing that RVG29 
was gradually lost after the BBB transportation.

Cargo CAT in nanocapsules is expected to alleviate 
neuroinflammation after penetrating BBB. Therefore, 
we continued to detect the ROS scavenging efficiency 
of nanocapsules after permeating bEnd.3 cells. Using 
the method described above, we established the stud-
ies again with the transwell model. Intracellular ROS 
in PC-12 cells at  texp +  tinc = 3  h + 24  h was verified by 
2ʹ,7ʹ-dichlorofluorescein diacetate (DCFH-DA), which 
penetrates cell membranes and is oxidized to 2,7-dichlor-
ofluorescein (DCFH) by ROS, producing green fluores-
cence. The three nanocapsules exhibited an inhibitory 
effect on total ROS (Fig. 3C and D). Differences of DCFH 

intensity were found between VCNCs and CNCs, further 
verifying that RVG29 facilitated BBB penetration. Nota-
bly, VNCs without CAT also showed strong ROS scav-
enging activity. We speculated that this can be attributed 
to the antioxidation ability of phenolic hydroxyl groups in 
the 5-HT polymerization. To investigate the reason, we 
systematically explored the scavengers in the nanocap-
sules against intracellular ROS. First, PC-12 cells were 
separately treated with VCNCs, CNCs, VNCs, 5-HT, 
CAT, and HSA with different concentrations for 3  h 
to allow sufficient cellular uptake. Cellular DCFH was 
used to determine ROS using a fluorescence microplate 
reader and inverted fluorescence microscope. A high 
fluorescence signal was observed following ROSUP treat-
ment, whereas the intracellular fluorescence intensity of 
the cells treated with 5-HT decreased significantly, sug-
gesting that the extra ROS was removed by 5-HT alone 
(Additional file  1: Figs. S33 and S34). It indicated that 
the phenolic hydroxyl groups in the structure of 5-HT 
polymerization can be used as the ROS scavengers [39]. 
These findings also explained that VNCs containing 
phenolic hydroxyl groups exhibited antioxidative activ-
ity during the procedure. A positive correlation between 
increased intracellular calcium  (Ca2+) concentrations and 
oxidative stress indicated that the increase in intracellular 
 Ca2+ concentrations is causally related to oxidative stress 
[40, 41]. Intracellular  Ca2+ level changes were assessed 
using the cell-permeable indicator Fluo-4 AM, which 
exhibits low cytotoxic and high fluorescence. PC-12 
cells were separately incubated with nanocapsules and 
reagents for 3  h, loaded with Fluo-4 AM, fluorescence 
intensity was detected using the fluorescence microplate 
reader. All cells treated with the three nanocapsules and 
CAT exhibited a decrease in intracellular  Ca2+ concen-
tration, thereby confirming the efficient antioxidant activ-
ity of the nanocapsules (Additional file 1: Fig. S35). These 
results prove that nanocapsules after permeating bEnd.3 
cells still can greatly alleviate the ROS concentration.

Cellular release of 5‑HT triggered by mildly acidic 
and highly inflammatory conditions
Acidic pH and inflammatory response are the two char-
acteristic features of the depressive neuronal microen-
vironment. The 5-HT polymerization are expected to 
degrade because of acidic conditions. The above data 
showed that the stimuli-responsive release of 5-HT can 
be achieved in buffer solutions. To further address this 
issue, we incubated PC-12 cells with VCNCs, CNCs, 
and VNCs in complete, pH 6.4, ROSUP media (1:1000), 
and pH 6.4 + ROSUP media (1:1000) for 3 h. A window 
covered the typical routine for drug release, including 
into circulation fluid (neutral condition) and depressive 
neuronal microenvironment (pH 6.4 and ROSUP). The 
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concentrations of 5-HT monomers in the cell pellet and 
supernatant were determined using an enzyme-linked 
immunosorbent assay (ELISA) kit (Fig. 3E). In line with 
the degradation behavior of 5-HT in the buffers, a negli-
gible cumulative 5-HT release was observed under neu-
tral conditions in the complete media. Showing positive 
correlation with the release profiles of VCNCs in ROSUP 
buffers, a detectable amount of 5-HT was released from 
VCNCs over 3  h in the presence of ROSUP media. At 
a mildly acidic pH of 6.4, the nanocapsules exhibited a 
burst release profile. Among these, CNCs displayed the 
rapidest release profile, further confirming that RVG29 
modification impeded 5-HT release from the nanocap-
sules. Compared with the cell pellet, the amount of lib-
erated 5-HT was more pronounced in the supernatant 
under pH 6.4 + ROSUP media. Above all, the results 
showed the self-immolative nanocapsules were success-
fully degraded and released 5-HT in pH 6.4 and ROSUP 
media. Low pH value is the key factor for the degradation 
of nanocapsules.

Behavioral improvements in depressed mice treated 
with nanocapsules
After C57BL/6J mice adapted to the new environment 
for 1 w, several standard assay, such as sucrose preference 
tests (SPT), a measure of anhedonia; forced swimming 
tests (FST), a measure of behavioral despairs; and open 
field tests (OFT), a measure of anxiety [42, 43], were per-
formed to select the mice exhibiting normal locomotor 
activity. We then administered chronic unpredictable 
mild stress (CUMS) on the C57BL/6J mice for 5  w to 
establish a depressive-like state, which is a well-defined 
mouse model of stress-induced depression (Additional 
file 1: Tables S6 and S7) [44, 45]. In the CUMS paradigm, 
mice exhibiting normal behaviors were exposed to a 
range of unpredictable mild stressors in a semi-random 
order for weeks, thus triggering diverse behavioral and 
biochemical changes (Fig.  4A). Antidepressant treat-
ments can subsequently reverse these changes. Consist-
ent with the findings of previous studies, CUMS mice 
developed depressive-like behaviors, as characterized 
by decreased sucrose preference in SPT compared with 
the control mice (Fig. 4B). [46, 47] This behavior reflects 
major depressive symptoms, such as anhedonia. The 
depressive-like state observed in CUMS mice was fur-
ther confirmed by the results of the other two behavior 
tests, OFT and FST. CUMS mice exhibited a decrease 
in the ratio of distance traveled in the open section of 
OFT, reflecting the anxiety symptoms of depressed 
mice (Fig. 4C). The immobility time of FST was used as 
an index of behavioral despair. The CUMS procedures 
largely increased the immobility time (Fig. 4D). Further, 
CUMS mice were observed to gain significantly less 

weight over time than the control mice (Fig.  4E). Fur-
thermore, the delta values were calculated from results 
at 1 w, 7 w and 10 w. It clearly showed the CUMS pro-
cedures reduced the sucrose preference, decreased the 
distance traveled in the zone, increased the immobility 
time, and mitigated the tendency of gain weight. Taken 
together, these results demonstrate that CUMS success-
fully increased the depressive-like and anxiety-associated 
behaviors in stressed C57BL/6J mice. Next, the mice 
were divided into six groups (n = 6): sham (not exposed 
to CUMS), CUMS, CUMS + fluoxetine (CUMS + Flu), 
CUMS + VCNCs, CUMS + CNCs, and CUMS + VNCs 
groups. To determine whether the treatments can reverse 
depressive-like symptoms, behavior assays were con-
ducted again. We used the results from the behavior 
test at 10  w and 7  w to obtain delta values. Treatments 
with fluoxetine and the three nanocapsules increased 
the sucrose preference, extended the distance traveled in 
the zone, and reduced the immobility time of the mice 
(Fig. 4B–D). Furthermore, the depressed mice obviously 
gained weight during the VCNCs treatment (Fig.  4E). 
Notably, VCNCs exhibited a more prominent antidepres-
sive effect than CNCs and VNCs. VCNCs even showed 
better therapeutic outcomes than fluoxetine.

In vivo therapeutic efficacy of nanocapsules
First, the brain targeting of RVG29 modification was 
monitored using IVIS Spectrum in vivo imaging system 
to detect fluorescence. For the C57BL/6J groups, an obvi-
ous Cy 7.5 fluorescence signal was detected in the brain 
of mice treated with VCNCs-Cy7.5, CNCs-Cy7.5 and 
VNCs-Cy7.5 after intravenous administration for 3  h, 
whereas no fluorescence signal was detected in the brains 
of the CNCs-Cy7.5 treated mice (Fig.  5A). To further 
confirm the location of the nanocapsules in the brain, 
ex  vivo images of the extracted brains were acquired. 
The results indicated that the RVG29-modified nanocap-
sules (VCNCs and VNCs) exhibited higher accumulation 
than CNCs in the brain. Because brain structure changes 
have been widely reported in depression [48, 49], we 
further performed the assays with CUMS mice (Fig. 5A 
and Additional file 1: Fig. S37). These results confirmed 
the brain targeting ability of RVG29 modification. We 
performed the same experiments with nude mice to 
exclude the interference of the fur (Fig. 5A). The data of 
nude mice showed good correlation with those of the 
C57BL/6J groups. Overall, RVG29 ligand could permeate 
BBB by binding with α7 nAchR.

Next, we assessed the therapeutic efficacy of the nano-
antidepressant in detail by measuring biochemical and 
physiological indicators. Reduced hippocampal volume 
was the most replicated finding in neuroimaging stud-
ies of depression [50]. Given that depression is highly 
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associated with hippocampus dysfunction, we inves-
tigated the same using the dissected hippocampus for 
the study of in  vivo therapeutic efficacy. Some patients 
with depression normally exhibit higher levels of several 
inflammatory markers, such as tumor necrosis factor 

(TNF), interleukin-6 (IL-6), and interleukin-1β (IL-1β). 
It has been widely reported that neuroinflammation con-
tributes to the etiology of depression [51]. Patients with 
inflammatory illnesses such as coronary artery disease 
and diabetes also exhibit a higher risk of depression, 

Fig. 4 Network nanocapsules alleviate depressive-like behaviors in mice. A Experimental timeline of the behavior tests, CUMS procedures, 
and treatment schedules. Behavior tests comprised B SPT, C OFT, and D FST. E Body weight was measured during the procedure (n = 6). The 
significant differences between groups were analyzed by one-way ANOVA method, *P < 0.05, * *P < 0.01, * * * P < 0.001
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compared with the general population. [52] Therefore, we 
further evaluated the in vivo inflammatory factors associ-
ated with depression. Previous publications have demon-
strated the involvement of the Nrf2 antioxidant pathway 
in the mechanism of depression [53, 54]. The results 
revealed a significant decrease in Nrf2 protein expression 
and mRNA levels in the CUMS group compared to the 
sham group (Fig. 5B, Additional file 1: Fig. S38A and B). 
However, treatment with VCNCs significantly increased 
the Nrf2 at protein and mRNA levels under CUMS pro-
cedures. This trend was further confirmed by the ELISA 
testing (Additional file  1: Fig. S38C). Furthermore, 
VCNCs significantly decreased the hippocampal NLRP3 
expression at the mRNA level than CUMS (Fig. 5C). The 
expression of IL-6, TNF-α, and IL-1β in the hippocampus 
of CUMS mice was higher than that in the sham group. 
Fluoxetine and the VCNCs reduced the concentrations of 
IL-6, TNF-α, and IL-1β (Fig. 5D and Additional file 1: Fig. 
S39). In the ROS staining of the brain slice, the CUMS 
group demonstrated a burst production of ROS, impair-
ing the neurological function of the mice. The ROS levels 
were significantly lower in mice that received therapeutic 
treatment than the CUMS group (Fig. 5E and Additional 
file 1: Fig. S40). Among the treatments, VCNCs reduced 
the ROS levels to the normal range, similar to that in the 
sham group.

The neuroinflammatory response induces microglial 
dysfunction. Over-activated microglia lead to excessive 
production of pro-inflammatory cytokines, which further 
enhance neuroinflammation [55]. Furthermore, activated 
microglia also increase astrocyte activity. [56] To com-
prehensively study neuroinflammation, we employed glial 
fibrillary acidic protein (GFAP) and ion calcium-binding 
adaptor protein 1 (Iba1) as markers for astrocytes and 
microglia, respectively. The relative mRNA levels of Iba1 
were elevated under CUMS procedures, but the groups 
receiving antidepressive treatments showed a reduction 
in relative Iba1 mRNA levels during CUMS procedures 
(Additional file 1: Fig. S41A). Consistently, immunofluo-
rescence images demonstrated an increase in Iba1 signal 
after CUMS procedures compared to the sham group, 
indicating microglial activation. A decrease in Iba1 inten-
sity was observed after nanoantidepressant treatments 
(Additional file 1: Fig. S41B and C). Regarding astrocytes, 

relative GFAP mRNA levels were elevated after CUMS 
procedures (Additional file  1: Fig. S41D). A significant 
increase in GFAP immunofluorescence was observed in 
the CUMS group, indicating astrocyte activation. The 
nanoantidepressant treatments largely ameliorated the 
over-activated astrocytes (Fig.  5F and Additional file  1: 
Fig. S41E). Among these treatments, VCNCs exhibited a 
significant effect in alleviating the activated state of glial 
cells.

Brain-derived neurotrophic factor (BDNF), a secretory 
protein in the neurotrophin family, is reportedly involved 
in depression. The idea is based on the phenomenon that 
reduction in hippocampal BDNF levels is associated with 
depressive behaviors, and antidepressant treatment is 
targeted to enhance BDNF expression [57]. CUMS mice 
displayed lower hippocampal BDNF protein and mRNA 
levels than the sham group (Fig.  5G–I and Additional 
file 1: Fig. S42). VCNCs reversed this condition, increas-
ing the BDNF concentrations at the mRNA and protein 
levels. BDNF immunohistochemistry (IHC) images indi-
cated that the hippocampal BDNF intensity in CUMS 
group was significantly lower than that observed in the 
sham group. The administration of VCNCs upregulated 
the BDNF expression compared with the other treat-
ments (Fig. 5J).

Classical antidepressant drugs act via increasing the 
5-HT levels in the brain by blocking its reuptake and 
degradation. However, these drugs are marred by cer-
tain shortcomings, such as low efficacy and delayed 
response onset [58]. Therefore, we aimed to achieve 
the precise delivery of 5-HT to the brain using nano-
capsules, which would positively regulate depressive 
neuronal microenvironment. The 5-HT expression in 
the brain was determined using an Elisa kit and IHC 
staining. The images displayed dense accumulations 
of 5-HT in the CA1 regions of the hippocampi of the 
sham group. Large reductions in hippocampal 5-HT 
levels were observed following CUMS procedure. 
After VCNCs treatment, hippocampal 5-HT levels 
returned to their normal range (Fig.  6A). The CUMS 
group showed downregulated expression of hippocam-
pal 5-HT levels compared with the sham group. Sub-
sequently, the administration of fluoxetine, VCNCs, 
and VNCs increased the hippocampal 5-HT levels in 

Fig. 5 In vivo antidepressive effects of nanocapsules. A In vivo Cy7.5 fluorescence of C57BL/6J mice and CUMS mice after intravenous injection 
with VCNCs-Cy7.5, CNCs-Cy7.5, and VNCs-Cy7.5 at 400 μg 5-HT/kg for 3 h and 7 h. Living Cy 5.5 fluorescence images of mice after treatment 
with VCNCs-Cy5.5, CNCs-Cy5.5, and VNCs -Cy5.5  (C5-HT: 400 μg /kg) for 3 h. The representative western blot analysis of B Nrf 2 in the hippocampus 
of brain across all groups. The other two replicates were presented in Additional file 1: Fig. S38. Reverse transcription quantitative polymerase 
chain reaction analysis (RT-qPCR) of relative mRNA levels of C NLRP3 in the hippocampi of mice in all groups (n = 3). The levels of hippocampal 
D IL-6 in the mice hippocampi after treatment were detected using ELISA kits. The results were normalized by the protein concentration of each 
sample (n = 3). E ROS/DAPI staining and F GFAP / DAPI staining brains in groups subjected to different treatments. Analysis of hippocampal BDNF 
expression using G western blot, H RT-qPCR, I ELISA kits and J immunohistochemistry slides. The significant differences between groups were 
analyzed using the one-way ANOVA method, *P < 0.05, **P < 0.01, *** P < 0.001

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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the depressive mice (Fig. 6C). Neuron loss and impair-
ment constitute major depression hallmarks [59, 60]. 
The hippocampal neurons was assessed using Nissl 
staining to determine the neuroprotection imparted by 
the nanocapsules (Fig. 6B). A decrease in the number 
and density of Nissl bodies was found in the CUMS 
mice. Following VCNCs, VNCs, and fluoxetine treat-
ment, the Nissl bodies in the CA3 region of the hip-
pocampus showed a clear increase, especially in the 

VCNCs group; whereas CNCs treatment did not pro-
duce such changes. The results were further confirmed 
via H&E staining, suggesting that VCNCs treatment 
significantly attenuated neuronal impairment and 
loss (Fig.  6B). Cortisol is a stress hormone secreted 
from the hypothalamus pituitary adrenal (HPA) 
axis. The HPA is considered as a marker of stress 
response and mediator of pathological consequences 
[61]. It has been well reported that high levels of 

Fig. 6 Effects of nanocapsules on in vivo 5-HT level and neuroprotection. A 5-HT IHC and B nissil and HE staining of brains after administering 
with fluoxetine, VCNCs, CNCs, and VNCs. C The levels of hippocampal 5-HT in the mice hippocampi after treatment were detected using ELISA kits. 
The results were normalized by the protein concentration of each sample (n = 3). The significant differences between groups were analyzed using 
the one-way ANOVA method, *P < 0.05. D The in vivo therapeutic outcomes of nanocapsules
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cortisol is found in the serum of patients with depres-
sion [62]. An increase in the serum cortisol levels was 
observed in CUMS mice. VCNCs treatment lowered 
the serum cortisol levels, indicating an alleviation of 
the depressive symptoms (Additional file  1: Fig. S43). 
Collectively, the nanoantidepressants inhibit neuroin-
flammation, increase BDNF concentration, enhance 
5-HT levels, reverse neuronal impairment, and sup-
presses serum cortisol levels (Fig. 6D).

Genome‑scale analysis of antidepressive nanocapsules
To gain a deeper understanding of the molecular mecha-
nisms underlying the therapeutic outcomes of nanoanti-
depressants, we conducted a genome-scale analysis. The 
volcano plot showed that 190 mRNAs had a 1.5-fold ratio 
of Sham to CUMS + Saline (with |log2(FC)|≥ 1.5 and 
padj < 0.05), with 143 mRNAs upregulated and 47 down-
regulated (Fig.  7A). Among the differentially expressed 
genes (DEGs), we identified enriched pathways based 
on the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database (Fig. 7B). The top pathways were asso-
ciated with the neuron system, such as the neuroactive 
ligand-receptor interaction and calcium signaling path-
way. In contrast, the CUMS + VCNCs group had 440 
differential mRNAs compared with the CUMS + Saline 
group, including 325 upregulated and 115 downregu-
lated (Fig. 7C). The top pathways from the KEGG data-
base still showed that VCNCs treatment significantly 
enriched the neuroactive ligand-receptor interaction 
and calcium signaling pathway (Fig.  7D). To further 
reveal the functional significance of mRNA expression, 
we performed Gene Ontology (GO) term analysis and 
established GO terms with a cutoff |log2(FC)|≥ 1.5 and 
padj < 0.05. The GO analysis showed standardized terms 
of biological process (BP), cellular component (CC), 
and molecular function (MF). The enriched GO terms 
in Sham versus CUMS + Saline and CUMS + VCNCs 
versus CUMS + Saline were related to neurotransmis-
sion, including G-protein coupled receptor activity (GO: 
0004930), G-protein coupled amine receptor activity 
(GO: 000827), and phospholipase C-activating G-pro-
tein coupled receptor signaling pathway (GO: 0007200) 
(Fig.  7E and F). Furthermore, the raw data were run 
through Gene Set Enrichment Analysis (GSEA), which 

is the whole-genome ranked list of all available genes 
without the threshold (Fig.  7G). GSEA highlighted spe-
cific changes in neuron function and neurotransmitters, 
confirming that VCNCs treatment upregulated the neu-
rological system and response to monoamine compared 
to the CUMS group. The GSEA from the Sham versus 
CUMS + Saline group showed similar changes. In sum-
mary, genome-scale analysis revealed that VCNCs treat-
ment significantly upregulated several pathways closely 
related to neuron activity.

In vivo biocompatibility of antidepressive nanocapsules
To evaluate the biosafety of the nanoantidepressants, 
blood biochemistry assay and hematoxylin and eosin 
(H&E) staining of the major organs were performed. 
The blood biochemical indicators, including the levels 
of white blood cells, neutrophilic granulocyte percent-
age, and red blood cells, were within the normal range in 
all the groups (Additional file 1: Table S8). The collected 
serum was further used to measure the biomarkers of 
liver and kidney function, including alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and 
blood urea nitrogen (BUN). Compared with the sham 
group, the nanocapsule-treated groups showed no sig-
nificant changes (Additional file 1: Fig. S44A–C). In addi-
tion, the histological sections of the heart, liver, spleen, 
lungs, and kidneys via H&E staining revealed no notable 
evidence of major organ damage (Additional file  1: Fig. 
S44D).

Conclusion
Depression is a common, complex, and devastating ill-
ness. The depletion of monoamines has been causally 
related to the etiology of depression. Commercial drugs 
treat depression by elevating the 5-HT levels in the brain. 
Unfortunately, the current antidepressant medications 
exhibit limited clinical efficacy due to delayed response 
onset, intolerable side effects, and low response rate. 
Nanotechnology can potentially circumvent the clinical 
dilemma of antidepressants by accurately delivering the 
commercial drugs to the brain. Some studies have con-
structed nanoantidepressants as fluoxetine-loaded NPs 
to shorten the response duration and minimize the side 
effects of the antidepressants. However, such efforts have 

Fig. 7 Differentially expressed genes (DEGs) profiles in Sham, CUMS + Saline, and CUMS + VCNCs. A Volcano plot comparing Sham vs 
CUMS + Saline cases. Upregulated genes (n = 143) are represented in red, while downregulated genes (n = 47) are represented in green. B 
The top 20 KEGG pathways for DEGs in the Sham vs CUMS + Saline group. C Volcano plot comparing CUMS + VCNCs vs CUMS + Saline cases. 
Upregulated genes (n = 325) are represented in red, while downregulated genes (n = 115) are represented in green. D The top 20 KEGG pathways 
for DEGs in the CUMS + VCNCs vs CUMS + Saline group. E The most significant GO terms associated with DEGs in Sham vs CUMS + Saline and F 
CUMS + VCNCs vs CUMS + Saline groups. The DEGs and significant pathways are identified using the criteria of | log2(FC)|≥ 1.5 and padj < 0.05. 
G GSEA analysis of GO terms applied to the Sham vs CUMS + Saline and CUMS + VCNCs vs CUMS + Saline groups. The results are from three 
independent samples (n = 3)

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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been thwarted by the intrinsic limitations of fluoxetine. 
Given the pivotal function of neurotransmitters in mood 
regulation, attention should be paid to the direct and pre-
cise supplementation of the brain 5-HT level.

Fundamentally, we designed and fabricated a network 
nanocapsule using the stimuli-responsive properties of the 
nanoantidepressants to carry 5-HT and CAT cross BBB. 
A major advantage of our system is that we adopted the 
5-HT polymerization to construct nanocapsules by using 
a one-step method, which offers more benefits, including 
improved biocompatibility and versatility in the differ-
ent payload proteins. Furthermore, the stimuli-responsive 
nanocapsules maintained their integrity in circulation, 
while they released 5-HT monomers into the depressive 
neuronal microenvironment owing to their self-immo-
lation triggered by the acidic conditions. In addition, the 
nanoantidepressants carry loaded CAT and migrate to the 
neuronal microenvironment by permeating the BBB using 
RMT, which can largely alleviate neuroinflammation and 
enhance 5-HT efficacy. We would like to highlight two 
therapeutic mechanisms for remodeling the depressive 
neuronal microenvironment: (i) the released 5-HT mono-
mers from stimuli-responsive degradation can change the 
abnormality of the 5-HT circuitry and further positively 
regulate mood and (ii) the delivered CAT with enzyme 
viability relieves the neuroinflammation and maintains the 
bioactivity of 5-HT under oxidative conditions. Moreover, 
this effective approach encourages the promising prospect 
of using nanotechnology to achieve rapid antidepression 
therapy, offering useful strategies for different therapeutic 
treatments for mental health disorders.
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