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A B S T R A C T   

The reconstruction of neural function and recovery of chronic damage following traumatic brain injury (TBI) 
remain significant clinical challenges. Exosomes derived from neural stem cells (NSCs) offer various benefits in 
TBI treatment. Numerous studies confirmed that appropriate preconditioning methods enhanced the targeted 
efficacy of exosome therapy. Interferon-gamma (IFN-γ) possesses immunomodulatory capabilities and is widely 
involved in neurological disorders. In this study, IFN-γ was employed for preconditioning NSCs to enhance the 
efficacy of exosome (IFN-Exo, IE) for TBI. miRNA sequencing revealed the potential of IFN-Exo in promoting 
neural differentiation and modulating inflammatory responses. Through low-temperature 3D printing, IFN-Exo 
was combined with collagen/chitosan (3D-CC-IE) to preserve the biological activity of the exosome. The de
livery of exosomes via biomaterial scaffolds benefited the retention and therapeutic potential of exosomes, 
ensuring that they could exert long-term effects at the injury site. The 3D-CC-IE scaffold exhibited excellent 
biocompatibility and mechanical properties. Subsequently, 3D-CC-IE scaffold significantly improved impaired 
motor and cognitive functions after TBI in rat. Histological results showed that 3D-CC-IE scaffold markedly 
facilitated the reconstruction of damaged neural tissue and promoted endogenous neurogenesis. Further 
mechanistic validation suggested that IFN-Exo alleviated neuroinflammation by modulating the MAPK/mTOR 
signaling pathway. In summary, the results of this study indicated that 3D-CC-IE scaffold engaged in long-term 
pathophysiological processes, fostering neural function recovery after TBI, offering a promising regenerative 
therapy avenue.   

1. Introduction 

Traumatic brain injury (TBI) is a global health concern, with over 27 
million new cases reported annually worldwide [1]. In China, TBI affects 

more than 18 % of the global TBI patient population [2]. Primary TBI 
disrupts the blood-brain barrier (BBB), causing neuronal and neuroglial 
tissue damage, localized inflammation, and secondary neuro
degeneration [3,4]. Vascular damage, long-term neuroinflammation, 
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and neuronal loss collectively hinder TBI self-recovery [5,6]. Therefore, 
the key to functional recovery after TBI lies in promoting neural 
regeneration and creating an appropriate microenvironment [7–9]. 
Despite significant progress in TBI research, effective prevention, 
treatment, and long-term rehabilitation strategies remain challenging. 

Numerous studies have emphasized the potential of exosome-based 
approaches derived from stem cells in the treatment of TBI [10,11]. In 
comparison to traditional stem cell therapies, exosome therapy presents 
several advantages, including low immunogenicity, stable preservation, 
absence of tumorigenicity, and ethical considerations. Moreover, exo
somes retain functions or therapeutic effects similar to their parent cells. 
Recent advances in stem cell research suggest that neural stem cells 
(NSCs) release various neurotrophic factors, including brain-derived 
neurotrophic factor (BDNF), glial cell-derived neurotrophic factor 
(GDNF), neurotrophin-3 and other paracrine factors [12–14]. Therefore, 
exosomes derived from NSCs are more suitable for repairing neurolog
ical injuries caused by various reasons. NSC-derived exosomes facilitate 
cell communication and substance transport, both locally and 
throughout the brain via cerebrospinal fluid [15,16]. They play a vital 
role in several cellular processes, including immune responses, 
apoptosis, angiogenesis, and inflammation as well as promote neuro
regeneration and recovery of motor function after TBI [17–22]. As the 
functionality of exosomes is influenced by the cellular microenviron
ment, an increasing amount of research has been focusing on appro
priately adjusting the microenvironment to enhance the targeting 
efficacy of exosome-based therapies [23–25]. For instance, exosomes 
derived from plasma subjected to remote ischemic preconditioning have 
demonstrated efficacy in ameliorating brain ischemia-reperfusion injury 
[26]. Additionally, exosomes originating from adipose-derived stem 
cells under hypoxic preconditioning conditions exhibit the ability to 
enhance angiogenesis and expedite wound healing [27]. 
Infarct-preconditioning exosomes of umbilical cord mesenchymal stem 
cells promoted vascular remodeling and neurological recovery after 
stroke [23]. Therefore, preconditioned NSC-derived exosomes, as a 
cell-free therapeutic strategy, have the potential to be a highly prom
ising candidate for TBI treatment. 

Interferon-gamma (IFN-γ) is a crucial mediator in the inflammatory 
pathway, playing a key role in neurological diseases [28]. IFN-γ not only 
supported and initiated post-ischemic brain immune responses but also 
significantly influenced stem cell differentiation [29–32]. Physiological 
concentrations of IFN-γ notably enhanced neuronal differentiation in 
vitro [33]. Moreover, further research indicated that IFN regulates the 
cell cycle of NSCs by suppressing the expression of SOX2 [34]. 
Furthermore, IFN-γ protected NSCs from central nervous system (CNS) 
infection-related damage through immune-related bystander effects 
[33]. Intriguingly, IFN-γ bound to exosomes via Ifngr1 (IFN-γ receptor 1) 
and activated Stat1 in target cells, suggesting IFN-γ′s involvement in 
exosomes-mediated intercellular communication [35]. Previous studies 
have shown that IFN-γ, in combination with NSCs, accelerated behav
ioral improvements in ischemic rats, enhanced neuronal generation, and 
increased NSC resistance to oxidative stress [29]. Therefore, NSCs pre
conditioned with IFN-γ may enhance the therapeutic potential of their 
secreted exosomes in addressing TBI-related neural injuries. However, it 
is worth noting that TBI has now been linked to chronic traumatic en
cephalopathy and chronic neuroinflammation [36]. This rendered sim
ple exosome therapy inadequate for addressing the long-term 
pathophysiological processes of TBI. Therefore, it was necessary to 
address the challenges related to the delivery and retention of exosomes 
at the lesion site to enhance their effectiveness during the long-term 
treatment of TBI. 

In recent years, three-dimensional (3D) printed biomaterial scaffolds 
have been widely used as a comprehensive tissue engineering strategy 
for treating various neural tissue injuries [22,37,38]. These scaffolds 
serve as a 3D matrix that supports tissue ingrowth and act as carriers for 
bioactive factors [39]. Collagen, a primary component of the natural 
extracellular matrix (ECM), is favored for constructing biomimetic 

neural microenvironments due to its specific functional peptide se
quences that enhance cell adhesion, growth, and differentiation 
[40–42]. However, collagen’s rapid degradation and low mechanical 
strength render it unsuitable for TBI scaffolds [43]. Chitosan, known for 
its biodegradability, low toxicity, and good extensibility, is commonly 
used to promote neural repair and functional recovery in TBI [24,44]. 
Chitosan is frequently employed as a scaffold carrier that controls 
growth factor release and extends their activity [45]. Adding chitosan to 
collagen can delay collagen degradation and enhance the mechanical 
strength of the collagen scaffold, making collagen-chitosan (CC) scaf
folds ideal for TBI treatment [46,47]. 

Therefore, we hypothesize that incorporating interferon-γ-pre
conditioned NSC-derived exosomes into the collagen/chitosan scaffold 
may enhance its therapeutic efficacy for TBI. To maintain the activity of 
exosomes and align them with the long-term pathophysiological pro
cesses of TBI, we adopted a 3D printing technology based on low- 
temperature extrusion. IFN-γ preconditioned exosomes were uniformly 
integrated into CC scaffolds. This allowed for controlled release of 
exosomes, enabling their long-term action at the lesion site and more 
effectively promoting the reconstruction of neural networks following 
TBI. 

2. Methods 

2.1. Animal care and ethical approval 

All animal procedures involving animals were conducted in accor
dance with the approved protocol for the care and use of laboratory 
animals by the Animal Care Committee of Tianjin University (Ethical 
approval number: 23658/42, Animal license number: SYXK (Jin) 2021- 
0003). All SD rats were 8 weeks old and weighed between 240 and 280 g 
(SPF Biotechnology Co., Ltd., Beijing, China, RRID: RGD_737805, Bei
jing, China). They were kept in a 12-h light/dark cycle, given food and 
drink at will, and only allowed to eat before anesthesia. 

2.2. Isolation and culture of neural stem cells 

Primary NSCs were isolated from the cortex of embryonic rats, ob
tained from 14-day pregnant female rats. The collected cells were sus
pended in complete culture medium (DMEM/F12 basal medium 
supplemented with 20 ng/mL epidermal growth factor, 20 ng/mL basic 
fibroblast growth factor, 2 % B27plus, 2 % N2, 1 % penicillin- 
streptomycin, 2 mM glutamax, and 2 mg/mL heparin sodium) in cul
ture flasks and placed in a 37 ◦C incubator with 5 % CO2. The culture 
medium was changed every 3 days, and passaging was performed at day 
7. Single cells were detached from neurospheres using accutase disso
ciation reagent (Sigma) to generate new neurospheres. NSCs were 
identified using phase-contrast microscopy, and nestin expression was 
assessed. 

2.3. Isolation and collection of NSC exosomes and IFN-γ preconditioned 
exosomes 

Firstly, we explored the concentration of IFN-γ by subjecting NSCs to 
10, 20, and 40 ng/mL. Cell viability and differentiation of NSCs were 
assessed using the MTT assay and immunofluorescence. Exosomes were 
isolated from NSCs according to established procedures [23]. Briefly, 
NSCs were treated with IFN-γ (20 ng/mL) for 24 h and cultured without 
exosome-depleted serum for 2 days (IFN-Exo). The conditioned medium 
was collected, and cellular debris was removed by centrifugation and 
0.22 μm filtration. The remaining precipitate was pelleted at 10,000 g 
(for 30 min) and 100,000g (for 70 min) at 4 ◦C. The pellet was resus
pended in sterile PBS. In the control group, exosomes were not treated 
with IFN-γ (Exo). The isolated exosomes derived from NSCs were stored 
at − 80 ◦C. The morphology of exosomes was identified using trans
mission electron microscopy (TEM), and their size was analyzed using a 
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nanoparticle flow cytometer (NanoFCM, N30E, China). Specific surface 
markers of exosomes, including CD63, HSP70, and TSG101, were 
detected using western blotting. 

2.4. Exosome miRNA sequencing and data analysis 

Exo and IFN-Exo were sequenced on an Illumina HiSeqTM 2500 
desktop sequence. sRNA sequencing libraries were prepared using the 
TruSeq Small RNA Sample Prep Kits (Illumina, USA). Differential 
expression analysis and target gene enrichment analysis were conducted 
using ACGT101-miR (v4.2). Gene Ontology (GO) and Kyoto Encyclo
pedia of Genes and Genomes pathway (KEGG) enrichment analyses were 
used according to p-value <0.05 of exclusion criteria. 

2.5. The impact of IFN-Exo on cultured cells 

NSCs were treated with Exo and IFN-Exo, and the differentiation 
status of NSCs was identified through the expression of DCX and NeuN. 
Microglial cells (BV2) were seeded in culture flasks containing complete 
growth medium (DMEM basal medium supplemented with 10 % FBS). 
Cultured cells with similar density were subjected to simple randomi
zation by QuickCalcs from GraphPad. The experiments were repeated at 
least three times for each experiment, unless stated otherwise. Lipo
polysaccharide (LPS) was utilized to induce an in vitro neuro
inflammation model. To put it simply, BV2 cells were cultured for 6 h in 
complete growth medium containing LPS (1 μg/mL). Exo and IFN-Exo 
were added to the complete growth medium 24 h before LPS induc
tion. Anisomycin (p38MAPK agonist, HY-18982, MCE, USA) was used to 
investigate the molecular mechanisms. Primary neurons were isolated 
from the hippocampus of embryonic rats, obtained from 18-day preg
nant female rats. Collected cells were cultured in neural maintenance 
medium (Neurobasal with 2 % B27plus, 1 % penicillin-streptomycin and 
0.5 mM glutamax), with medium replacement every 3 days. The oxygen- 
glucose deprivation/reperfusion (OGD/R) model was employed to 
simulate the in vitro neuronal injury process. In brief, primary neurons 
were cultured for 12 h in a glucose-free medium with 95 % N2 and 5 % 
CO2 at 37 ◦C, followed by 24 h of cultivation in complete growth me
dium under normoxic conditions (21 % O2). Exo and IFN-Exo were 
added to the complete growth medium 24 h before the initiation of the 
OGD/R model. Cells from each group were collected, and the expression 
of Bax, Bcl-2, IL-1β, IL-6, iNOS, P2Y12 and Arg1 was assessed through 
Western blotting and qPCR (All primers are shown in Table 1). Cell 
viability of primary neurons were determined using the MTT technique. 

2.6. Traumatic brain injury model 

Rats were randomly assigned to four groups: Sham, TBI, 3D-CC-E, 
and 3D-CC-IE (n = 30 rats for each group). The researchers labeled 
the rats using ear tags, and the study was conducted in a blinded 
manner. Blinding was achieved by ensuring that the experimenters were 
unaware of the animal groupings during both the experimental and 
statistical analysis phases. Different individuals performed the analysis 
or experimental grouping using animal codes for blind quantitative 
analysis. 

A previously established method was utilized to create the TBI rat 

model (68099II, RWD, Shenzhen, China) [24]. Briefly, rats were anes
thetized with isoflurane inhalation (3 % for induction and 1.5 % for 
maintenance (v/v)) to ensure adequate anesthesia throughout. In the 
right parietal region of the rat skull, a stereotaxic device was used to 
produce a 5-mm bone window (2.1 mm posterior to the coronal suture 
and 3.8 mm lateral to the sagittal suture). The rats were then subjected 
to impact injury using a controlled cortical impact device (parameters: 
depth 2 mm, impact velocity 5 ms− 1, dwell time 12 ms). Wound he
mostasis was achieved by local drops of thrombin (50–1000 units/mL) 
during surgery (Solarbio, Beijing, China), and postoperative intramus
cular injection of tramadol (1 mg/kg) (Solarbio, Beijing, China) was 
used for pain relief. After surgery, rats were placed on a warm pad until 
they woke up. 

2.7. Preparation of 3D-printed IFN-γ preconditioned exosome/collagen/ 
chitosan scaffolds 

Collagen/chitosan composite materials were prepared as previously 
described [24,48]. Briefly, a sterile composite consisting of 6 g of 
collagen and 3 g of chitosan (deacetylation degree 75–85 %, Sigma, St. 
Louis, USA) was warmed overnight at 4 ◦C. The exosome solution was 
sterilized at 4 ◦C using a 0.22 μm filter (Millipore, USA). Then to 
equilibrate the binding, 2 mg/mL of exosomes were mixed in colla
gen/chitosan solution and after stirring for 12 h at 4 ◦C, the mixed so
lution was warmed at 4 ◦C overnight. Structures were prepared by a 3D 
printer (Regenovo, China) at − 20 ◦C. The printing parameters were as 
follows: platform temperature = − 20 ◦C, nozzle diameter = 160 μm, 
extrusion speed = 0.17 mm/min, printing speed = 12 mm/s, and 
thickness of each layer = 0.3 mm. The prepared hybrid solution (col
lagen/chitosan composite or collagen/chitosan composite combined 
with exosome) was placed into the printer cartridge. After printing, the 
3D solid molded parts (3D-printed collagen/chitosan scaffolds (3D-CC)) 
and 3D-printed collagen/chitosan scaffolds integrated with exosomes 
(3D-CC-E and 3D-CC-IE)) were stored at − 80 ◦C overnight, and then 
vacuum-cooled and dried for 72 h 3D-CC-E and 3D-CC-IE were made 
into cylinders with a diameter of 2 mm and a height of 2 mm using a hole 
punch. All scaffolds were sterilized with Co-60 at 4 ◦C and washed with 
D-Hank’s for 30 min. 

2.8. Scanning electron microscopy 

To prepare the 3D-CC-E and 3D-CC-IE scaffolds for scanning electron 
microscopy (SEM), they were fixed in 2 % glutaraldehyde and 1 % 
osmium tetroxide, dehydrated in a graded acetone series. The samples 
were rapidly frozen to the desired temperature using liquid nitrogen and 
then lyophilized for 12 h. The dried samples were then coated with gold 
and examined using a scanning electron microscope (Hitachi, Japan). 

2.9. Scaffold characteristics 

The water absorption and porosity of the scaffolds were measured 
using gravimetric and volumetric methods [49]. Tree samples of each 
dried scaffold were obtained and soaked in 0.01 mol L− 1 PBS at pH 7.4 
for 24 h to reach equilibrium to assess water absorption. The weight of 
water adsorbed on the surface was noted as m0 and the mass after drying 
in a desiccator for 2 h was noted as m1. Water absorption was calculated 
by the following equation: water absorption (%) = (m0-m1)/m1 × 100 
%. The porosity of the scaffold was measured using the liquid replace
ment method with ethanol as the replacement fluid. The mechanical 
quality of the scissors was evaluated using an Instron 5865 material 
testing equipment (Instron, USA). After reaching equilibrium, the scis
sors were immersed in 0.01 M PBS at 37 ◦C for 24 h. Three sets of 
samples were then taken to determine the modulus of elasticity in 
compressive strain. A tree cycle with a 0.5 Hz sawtooth wave was used to 
apply a preload of 0.1 N in 50 % increments at 100 %/min. 

Table 1 
Primer sequences of each gene.  

Target Forward Reverse 

iNOS TGAGGATTACTTCTTCCAGCTCA TGGGTGTCAGAGTCTTGTGC 
IL-1β AGCAGCTTTCGACAGTGAGG CTCCACGGGCAAGACATAGG 
P2Y12 CTCCACCACCTACATGTTTC AAGAGGATGCTGCAGTAGAG 
Arg1 CTACCTGCTGGGAAGGAAG GTCCTGAAAGTAGCCCTGTC 
Bax GGATACAGACTCCCCCCGAG AACATGTCAGCTGCCACACG 
Bcl-2 CAGAGGGCTACGAGTGG CAGAGCGATGTTGTCCAC 
GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT  
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2.10. Determination of exosome release kinetics in 3D-CC-IE 

3D-CC-IE was incubated in PBS at 37 ◦C, and the supernatant was 
collected at day 0, 2, 4, 6, 8, 10, 12, and 14. After that, the supernatant 
was totally replaced with new PBS. The BCA protein concentration assay 
kit was used to count the concentration of exosomes in the supernatants 
at each time point. The 3D-CC scaffold was also detected as a substrate 
control to correct the effect of protein degradation in the system. 

2.11. Cytocompatibility of scaffolds and cell staining 

Exosomes were labeled with DiI red fluorescent membrane- 
conjugated dye according to the manufacturer’s protocol, and phago
cytosis of exosomes was assayed by culturing NSCs with 3D-CC-IE 
scaffolds for 24 h. After staining the cytoskeleton with ActinTracker 
Green, laser confocal microscopy was used to obtain the morphology of 
exosomes phagocytosed by cells. 3D-CC-IE was cultured with NSCs for 7 
days (each scaffold received 100 μL NSCs at a concentration of 1 × 106/ 
mL). Immunofluorescence staining of the cytoskeleton complexes was 
performed. The development of NSC on the scaffolds was examined by 
labeling FDA/PI and F-actin using laser confocal microscopy. MTT 
technique (Solarbio, Beijing, China) was used to determine the viability 
of cells on 3D-CC-E and 3D-CC-IE at day 1, 3, 5, and 7 after culture. NSCs 
were injected onto the scaffolds with 20 μL of single-cell solution at a 
concentration of 5 × 106/mL. NSCs on the scaffolds were digested using 
Accutase (Gibco, A1110501, USA) for 5–8 min and resuspended using 
complete medium, and subsequently cell counting was performed. The 
cell adhesion rate of NSCs was determined at 1, 12, 24, 36, 48, 60, and 
72 h after inoculation using the formula cell adhesion rate = (number of 
adherent cells/number of inoculated cells) × 100 %. 

2.12. Scaffold implantation 

Before implantation, cylindrical brain tissue samples (2 mm in 
diameter and 2 mm in height) were taken using a mold. The cylindrical 
scaffolds (2 mm in diameter and 2 mm in height) were implanted into 
the cavity after hemostasis. The wounds were tightly sutured, and then 
the rats were placed in a warm cage to recover from anesthesia. After TBI 
surgery, tramadol (1 mg/kg) (Solarbio, YZ-171255, Beijing, China) and 
penicillin sodium (15 mg/kg) (Solarbio, C8250, Beijing, China) were 
given to all rats to relieve pain and avoid infection. 

2.13. Neurological function assessment 

Modified Neurologic Severity Score (mNSS) was performed at day 1, 
3, 7, 14, 21, and 28 after TBI to assess neurologic recovery (n = 10 per 
group). On an 18-point scale, the mNSS received a score. Rats were 
taught and tested before surgery to verify normal results (0). 

From day 21–26 following TBI surgery, the Morris water maze 
(MWM, XR-XM101-Z, Xinruan, Shanghai, China) test was administered 
to evaluate cognitive function (n = 10 per group). Prior to training, the 
platform was positioned in the northeastern quadrant, and the rats were 
put in the pool facing the wall. The duration needed to jump into the 
water and ascend the platform was called the escape latency. When the 
rats found the platform and remained there for at least 2 s, training was 
deemed successful. The training of the rats was deemed successful if they 
were unable to locate the hidden platform in 60 s. Rats that failed to find 
the hidden platform within 60 s were guided to the platform location 
and their escape latency was recorded as 60 s. Each rat underwent four 
training sessions. 27 days after TBI, the platform was removed, and the 
rats underwent a spatial search experiment to test their cognitive abil
ities. The escape latency, the number of times the platform was tra
versed, and the time spent in the target quadrant were recorded and 
analyzed. 

2.14. Histological observations 

At 2 month after TBI, histological assessments were conducted, 
including Luxol Fast Blue (LFB) staining, Bielschowsky’s silver staining, 
Nissl staining, HE staining, Golgi’s staining and immunofluorescence (n 
= 5 for each group). Additional, for the in vivo biocompatibility of the 
scaffolds, HE staining of the heart, liver, spleen, lung and kidney of rats 
after scaffold transplantation was performed. Liver function and renal 
function of rat were also examined. BrdU was injected for 7 days after 
completion of 3D-CC-E and 3D-CC-IE scaffolds implantation to label 
neoplastic cells (n = 3). Rats were anesthetized by intraperitoneal in
jection of pentobarbital sodium solution at a concentration of 1.3 % (40 
mg/kg). Sequential infusions of saline and 4 % paraformaldehyde were 
given to the heart. Brain tissue sections (30 μm thick) were prepared in 
the coronal plane. Sections were permeabilized with 0.5 % Triton X-100 
and sealed with 10 % normal goat serum (NGS). Primary antibodies 
were mouse-NF (1:300, Abcam, UK, ab315188), rabbit-MBP (1:300, 
Abcam, UK, ab218011), rabbit-MAP2 (1:250, Abcam, UK, ab183830), 
rabbit-GFAP (1:1000, Abcam, UK, ab7260), rabbit-iba1 (1:1000, 
Abcam, UK, ab178846), rabbit-vWF (1:300, Invitrogen, USA, PA5- 
80223), mouse-Arginase 1 (1:200, Proteintech, 66129-1-Ig), rabbit- 
iNOS (1:20, Invitrogen, USA, PA1-036), rabbit-NeuN (1:200, Invi
trogen, USA, 702022), rabbit-DCX (1:250, Abcam, UK, ab207175), 
mouse-nestin (1:100, Invitrogen, USA, 14-5843-82) and mouse-BrdU 
(1:200, Abcam, UK, ab8152). Sections were incubated with primary 
antibody overnight at 4 ◦C and then incubated with matching secondary 
antibody (Alexa Fluor 488 (Goat anti-Rabbit IgG) or Alexa Fluor 594 
(Goat anti-Mouse IgG)) for 1 h at room temperature in the dark. Sections 
were restained with Hoechst 33342 (H3570, Invitrogen, USA). Stained 
images at 400 × magnification were selected for quantitative statistics. 
Quantitative statistical analysis of all stainings were performed by 
ImageJ software (NIH, USA). 

2.15. Transmission electron microscopy 

The ultrastructural changes of neurons were examined by trans
mission electron microscopy (TEM) after TBI. Rats were anesthetized 
with 1.3 % sodium pentobarbital (40 mg/kg) and injected transcardially 
with 4 % paraformaldehyde and 2 % glutaraldehyde (n = 5 per group). 
Injured brain tissue was separated and cut into 1 mm3 size cubes. 
Samples were fixed using two percent glutaraldehyde and one percent 
osmium acid. The brain tissue blocks were then dried and embedded in 
Epon 812 embedding medium (Solarbio, Beijing, China). A series of 
sections with thicknesses between 70 and 90 nm were cut using an ul
trathin sectioning machine, double-stained with lead and dioxin acetate, 
and then studied using a JEM 1210 TEM (JEM 1210; JEOL, Tokyo, 
Japan). Ten random field images were taken for each sample at 5000 ×
magnification. Quantitative analysis of TEM was performed using 
ImagePro Plus software (Media Cybernetics, USA). 

2.16. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7.0 soft
ware (RRID:SCR_002798). Data collection and analysis were conducted 
by blinded experimenters. One-sample Kolmogorov-Smirnov tests were 
performed to assess the normality of data in this study. Data are reported 
as mean ± standard deviation. Statistical significance was determined 
by one-way analysis of variance (ANOVA) and Bonferroni analysis for 
multiple comparisons. Two-tailed Student’s t-test was performed for 
pairwise comparisons. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Extraction and identification of IFN-Exo 

The morphology of NSCs was identified using phase-contrast 
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microscopy after pre-treatment with interferon-γ (Fig. 1A). To explore 
the optimal concentration of IFN, 10, 20, and 40 ng/mL of IFN were 
separately added to the complete culture medium. The differentiation 
and cell viability of NSCs were assessed. Quantitative analysis revealed a 
significant increase in the expression of DCX (Figs. S1A and B), NeuN 
(Figs. S1C and D), and MAP2 (Figs. S1E and F) in the IFN (20) group 
compared to the IFN (10) group, with no significantly improved effects 
observed in the IFN (40) group. Cellular viability showed no significant 
differences among the groups (Fig. S1G). Therefore, we selected 20 ng/ 
mL of IFN as the optimal concentration for NSCs treatment. NSCs were 
examined using a differential interference microscope (Fig. 1B). Exo
somes derived from NSCs were identified via transmission electron mi
croscopy and displayed a double-layered, cup-shaped or elliptical 
structure (Fig. 1C). The peak particle size of the exosomes pellets was 

measured at 105 nm for Exo and 113.2 nm for IFN-Exo (Fig. 1E). 
Western blotting confirmed the positive expression of specific protein 
markers, including Hsp70, CD63, and TSG101 (Fig. 1D). The concen
tration of Exo, as evaluated by the BCA method, was seen to be 0.68 mg/ 
mL and 0.79 mg/mL (Fig. 1F). The positive expression of DiI indicated 
that exosomes (Exo and IFN-Exo) could be engulfed by cells (Fig. 1G). 
The results suggested that there were no significant differences in the 
morphology, distribution, and internalization of IFN-Exo compared to 
Exo. 

3.2. IFN-Exo enhanced the differentiation and maturation of NSCs 

To determine the mechanism by which IFN-Exo promoted the 
development of NSCs, we performed miRNA-sequencing. Firstly, 

Fig. 1. Characterization of exosomes derived from NSCs and IFN-preconditioned NSCs. 
(A) Schematic of Exo and IFN-Exo extraction. (B) Identification of NSC. (C) Morphological characteristics of Exo and IFN-Exo under transmission electron micro
scopy. (D) Exosomal-specific protein markers HSP70, CD63 and TSG101 investigated by western blotting. (E) Measurement of the diameter of Exo and IFN-Exo. (F) 
Concentration of Exo and IFN-Exo. (G) Labelling of phagocytosed exosomes by PKH26. Scale bars: 100 μm in (B left), 20 μm in (B right), 1 μm in (C left), 100 nm in (C 
right), 25 μm in (G). 
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principal component analysis showed significant differences in the 
composition between IFN-Exo and Exo (Fig. S2A). The volcano plot 
indicated 175 significantly upregulated and 447 significantly down
regulated miRNAs among the differential miRNAs (Fig. S2B). Gene 
Ontology (GO) analysis highlighted the significant enrichment of 
differentially expressed miRNAs in processes related to neural devel
opment, such as neuronal cell body, axon, dendrite, glutamatergic 
synapse, and neuronal projection (Fig. 2A). Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis revealed highly enriched pathways 
including axon guidance and synaptogenesis (Fig. 2B). Hierarchical 
clustering heatmaps displayed an upregulation in the expression profile 
of neural differentiation genes (such as miR-7b, miR-10a, and miR-124- 
5P) and a downregulation in the expression profile of stem cell genes 

(such as miR-23b-3p, miR-30a-3p, miR-214-3P) in IFN-Exo group 
compared to the Exo group (Fig. 2C). These results suggested that IFN- 
Exo has a promoting effect on NSCs differentiation and maturation. 
The significant elevation of DCX and NeuN after IFN-Exo pre
conditioning further supported the findings from the sequencing anal
ysis (Fig. 2D–F). 

3.3. IFN-Exo alleviated neuroinflammation induced by LPS 

In addition to its role in promoting neural differentiation, we also 
observed a significant enrichment of inflammatory responses in the re
sults of GO and KEGG analyses, such as responses to LPS and TNF, the 
PI3K-Akt signaling pathway, the NF-κB signaling pathway, and the TGF- 

Fig. 2. IFN-Exo promoted NSCs differentiation into neurons. 
(A) The top 10 GO functions of predicted targets in neural differentiation. (B) The top 10 KEGG Pathway enrichment analysis of differential expression genes in 
neural differentiation. (C) Clustered heatmap of differential miRNA expression between IFN-Exo and Exo. (D) Immunofluorescence staining of Nestin/DCX among 
Ctrl, Exo and IFN-Exo. (E) Immunofluorescence staining of Nestin/NeuN among Ctrl, Exo and IFN-Exo. (F) Statistical calculation of DCX+ and NeuN+. All data were 
expressed as mean ± SD; *P < 0.05, **P < 0.01 vs. Ctrl; #P < 0.05 vs. Exo. 
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β signaling pathway (Fig. 3A and B). The differentially expressed miR
NAs revealed by hierarchical clustering heatmap were also significantly 
associated with inflammatory responses, consistent with published re
sults (Fig. 3C). To investigate this further, we utilized the BV2 microglial 
cell line to simulate an in vitro inflammation model induced by LPS 
(Fig. S2C). The relative expression levels of selected significantly 
changed genes (IL-1β, iNOS, P2Y12 and Arg1) were consistent with 
qPCR verification (Fig. 3D). The IFN-Exo group exhibited a significant 
downregulation of M1 microglial cell markers IL-1β, IL-6, and iNOS, 

while M2 markers Arg1 and P2Y12 were significantly upregulated 
(Fig. 3E and F). These results confirmed that IFN-Exo has an anti- 
neuroinflammatory effect. Further mechanistic validation suggested 
that the p38MAPK/mTOR signaling pathway was down-regulated after 
IFN-Exo treatment and that this effect was reversed by Anisomycin 
(Figs. S3A–F). The results of Western blotting and qPCR indicated that 
following OGD/R, primary neurons exhibited increased Bax expression 
and decreased Bcl-2 expression, suggesting severe neuronal damage 
(Figs. S2D–F). Treatment with Exo and IFN-Exo alleviated neuronal 

Fig. 3. IFN-Exo reduces neuroinflammation in vitro. 
(A) The top 10 GO functions of predicted targets in inflammatory reaction. (B) The top 10 KEGG Pathway enrichment analysis of differential expression genes in 
inflammatory reaction. (C) Clustered heatmap of differential miRNA expression between IFN-Exo and Exo. (D) Relative mRNA (IL-1β, iNOS, P2Y12 and Arg1) level 
among Ctrl, LPS, Exo and IFN-Exo. (E) IL-1β, IL-6, iNOS, P2Y12 and Arg1 among three groups investigated by western blotting. (F) Statistical calculation of relative 
protein intensity. All data were expressed as mean ± SD; *P < 0.05, **P < 0.01 vs. LPS; #P < 0.05, ##P < 0.01 vs. Exo. 

C. Chen et al.                                                                                                                                                                                                                                    



Bioactive Materials 39 (2024) 375–391

382

damage, with the IFN-Exo group demonstrating a more potent thera
peutic effect (Figs. S2D–F). Similarly, the significantly increased cell 
viability in the IFN-Exo group compared to the Exo group revealed that 
IFN-Exo possessed a more robust neuroprotective effect (Fig. S2G). 

3.4. 3D-CC-IE exhibited excellent physical properties and favorable 
biocompatibility 

The 3D-CC-IE was fabricated using a 3D printer (Fig. 4A and B). 
Electron microscopy and HE staining images showed the porous struc
ture of 3D-CC-IE, providing a favorable environment for cell attachment 
and proliferation (Fig. 4C–E). NSCs exhibited excellent growth within 

the 3D-CC-IE scaffold (Fig. 4F). Confocal laser microscopy revealed the 
presence of peripheral red-labeled exosomes (PKH26) in the nucleus 
(Fig. S4A), indicated the capability of NSCs to uptake exosomes. Fixed 
and stained NSCs cultured for 7 days on 3D-CC-E and 3D-CC-IE scaffolds 
showed increased cell viability, as indicated by the increase in FDA and 
F-actin staining (Figs. S4B and C). The absorbance of NSCs in the 3D-CC- 
IE group significantly increased compared to the 3D-CC-E group at day 
3, 5, and 7 (Fig. S4D). Moreover, cell adhesion of NSCs in the 3D-CC-IE 
group was significantly higher than in the 3D-CC-E group during the 
same period (Fig. S4E). Laser scanning confocal microscopy and electron 
microscopy images displayed exosomes adhering to the 3D-CC-IE scaf
fold (Fig. 4G and H). The elastic modulus of 3D-CC-E (41.53 ± 6.373) 

Fig. 4. Characterisation of 3D-CC-IE scaffolds. 
(A) Schematic diagram of 3D-CC-E and 3D-CC-IE scaffold preparation. (B–E) Representative images of 3D-CC-IE under general view (B), HE staining (C) and SEM (D 
and E). (F) Neural stem cells cultured on 3D-CC-IE scaffolds. (G) Representative 3D fluorescent image illustrated the distribution of exosomes within the 3D-CC-IE. 
(H) The distribution of exosomes within the 3D-CC-IE scaffold. (I–K) The porosity ratio (I), elastic modulus (J), and water absorption (K) of the scaffolds. (L) Cu
mulative release profile of IFN-Exo from the CC-IE and 3D-CC-IE within 14 days. All data were expressed as mean ± SD; *P < 0.05, **P < 0.01 vs. CC or CC-IE. Scale 
bars: 50 μm in (C, G and H), 200 μm in (D), 100 μm in (E top), 20 μm in (E bottom), 500 nm in (F). 

C. Chen et al.                                                                                                                                                                                                                                    



Bioactive Materials 39 (2024) 375–391

383

and 3D-CC-IE (46.17 ± 4.452) was significantly higher than that of CC 
(32.68 ± 4.252), suggesting enhanced tissue regeneration support 
(Fig. 4J). The water absorption rate of 3D-CC-IE (780.12 ± 128.317) 
was lower than CC (1140.08 ± 158.238), confirming that the 3D-printed 
collagen/chitosan scaffold was conducive to exosomes maintenance 
(Fig. 4K). Furthermore, 3D-CC-E (85.28 ± 11.178) and 3D-CC-IE (79.45 
± 7.904) exhibited a greater pore size than CC (65.58 ± 8.368), pro
moting nutrient diffusion (Fig. 4I). From day 1 to day 14, the 3D-CC-IE 
group showed higher and more stable release than the CC-IE group, 
ensuring the beneficial effects of exosomes in vivo (Fig. 4L). These results 
demonstrated that the 3D-CC-IE scaffold was more biocompatible. 
Evidently, this robust effect originated from interferon-γ preconditioned 
exosomes. 

3.5. 3D-CC-IE implantation enhanced neurological function recovery 
after TBI 

We then investigated whether 3D-CC-IE implantation could enhance 
motor function recovery and repair brain damage (Fig. 5A). One day 
after TBI, all injured rats showed increased mNSS scores. Compared to 
the TBI group, the mNSS scores were reduced in the 3D-CC-E and 3D-CC- 

IE groups (Fig. 5B). Notably, 3D-CC-IE treatment restored neurological 
function to a higher level than that in 3D-CC-E (Fig. 5B). The Morris 
water maze test was used to evaluate the cognitive benefits of 3D-CC-IE. 
Rats subjected to 3D-CC-IE treatment displayed shorter paths after TBI, 
suggesting a significant improvement in spatial memory (Fig. 5C). 
Compared to the TBI group, the 3D-CC-E group improved cognitive 
function by reducing the latency period, increasing time spent in the 
target quadrant, and the number of platform crossings. Importantly, the 
3D-CC-IE group exhibited a shorter latency period, more time spent in 
the target quadrant, and more platform crossings compared to the 3D- 
CC-E group (Fig. 5D–F). 

3.6. 3D-CC-IE exhibited good biocompatibility in vivo 

In order to validate the viability of 3D-CC-IE for TBI treatment, the in 
vivo tolerance to 3D-CC-IE exposure was further investigated. HE 
staining of vital organs, including the heart, liver, spleen, lungs, and 
kidneys, at 1 and 2 month after TBI, revealed no overt physiological 
anomalies as compared to the Sham group (Figs. S5A–B). Additionally, 
hepatic and renal function indicators following 3D-CC-IE trans
plantation, such as alanine aminotransferase (ALT), creatinine (CR), 

Fig. 5. The characterization of neural functional recovery following TBI in rats. 
(A) Schematic of the timing of scaffolds implantation and various tests. (B) The mNSS scores were recorded at 1, 3, 7, 14, 21, and 28 days after implantation of 
scaffolds after TBI. (C) Representative swimming paths in the Morris water maze among Sham, TBI, 3D-CC-E and 3D-CC-IE. (D–F) Escape latency (D), number of site 
crossing (E), and time ratio in the target zone (F) among four groups. All data were expressed as mean ± SD; *P < 0.05, **P < 0.01 vs. TBI; #P < 0.05, ##P < 0.01 vs. 
3D-CC-E. 
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aspartate aminotransferase (AST), and blood urea nitrogen (BUN), 
remained within normal parameters (Figs. S5C–F). These results 
affirmed the biocompatibility of 3D-CC-IE and its lack of deleterious 
effects on the organism, rendering it an exemplary choice for TBI 
therapy. 

3.7. 3D-CC-IE implantation enhanced tissue remodeling and mitigates 
glial scarring 

To further assess the efficacy of 3D-CC-IE in TBI treatment, brain 
tissue sections were subjected to HE staining 2 months after TBI. The 
overall view of brain tissue showed a significant reduction in the loss 

Fig. 6. The tissue remodeling in the lesion site after TBI in rats. 
(A) Representative general views at 2 month after implantation among four groups. (B) Representative images of HE staining among four groups. (C) Statistical 
calculation of the cavity area per field. (D) The expression of GFAP around the lesion site among four groups. (E) Statistical calculation of GFAP+ area per field. All 
data were expressed as mean ± SD; *P < 0.05, **P < 0.01 vs. TBI; ##P < 0.01 vs. 3D-CC-E. Scale bars: 2 mm in (B left), 100 μm in (B, middle), 50 μm in (B, right 
and D). 
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volume in the 3D-CC-IE group compared to the TBI and 3D-CC-E groups 
(Fig. 6A). HE staining revealed fewer newly formed cells at the injury 
site in the TBI group, with neuronal nuclei shrinkage and cell defor
mation around the lesion (Fig. 6B). In the 3D-CC-E and 3D-CC-IE groups, 
newly formed cells were found around the lesion site. Compared to the 
TBI group (88.84 ± 4.663) and the 3D-CC-E group (79.73 ± 3.936), 3D- 
CC-IE implantation significantly reduced the cavity area (Fig. 6C). These 
results suggested that 3D-CC-IE implantation promoted regeneration in 

the lesion area following TBI. Similarly, a significant decrease in GFAP+

cells indicated a marked reduction in glial scarring (Fig. 6D and E). 

3.8. Implantation of 3D-CC-IE facilitated nerve fiber and myelin sheath 
regeneration 

LFB resulted reveal myelin sheath loss following TBI (10.85 ±
1.0934). In contrast, the 3D-CC-E (18.43 ± 3.4799) and 3D-CC-IE (23.69 

Fig. 7. The recovery of nerve fibers, myelin sheaths and dendritic spine at the lesion site of TBI. (A) Representative images of LFB staining at 2 month after im
plantation among four groups. (B) Representative images of Bielschowsky’s silver staining at 2 month after implantation among four groups. (C and D) Statistical 
calculation of LFB staining area per field (C) and Argyrophilic area per field (D). (E) The expression of NF and MBP around the lesion site among four groups. (F) 
Statistical calculation of NF+/MBP+ area per field. (G) Representative images of Golgi staining at 2 month after implantation among four groups. (H) Statistical 
calculation of Dendritic spine density per 10 μm. All data were expressed as mean ± SD; **P < 0.01 vs. TBI; #P < 0.05, ##P < 0.01 vs. 3D-CC-E. Scale bars: 1 mm in 
(A, B and E left), 100 μm in (A, B and E middle), 50 μm in (A, B, and E right), 20 μm in (G). 
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± 2.8707) groups exhibited notable myelin sheath recovery, with 
particular emphasis on the significantly augmented myelin sheath 
density within the 3D-CC-IE group as compared to the 3D-CC-E group 
(Fig. 7A and C). Bielschowsky’s silver staining of the 3D-CC-IE group 
(24.82 ± 6.477) demonstrated a conspicuous increase in nerve fibers 
and nascent neurons within the lesion site, unlike the TBI group (9.32 ±
2.024) and 3D-CC-E group (16.21 ± 3.023) (Fig. 7B and D). Dual 
immunofluorescent labeling of NF and MBP was conducted to assess 
nerve fibers and myelin sheaths in the lesion site. The 3D-CC-IE group 
displayed a higher abundance of NF+ and MBP+ cells in contrast to the 

TBI and 3D-CC-E groups (Fig. 7E and F). Golgi staining revealed den
dritic spine morphological damage and a reduction in quantity after TBI. 
Recovery was observed following treatment with 3D-CC-E and 3D-CC- 
IE, with a significantly increased dendritic spine density in the 3D-CC- 
IE group compared to the 3D-CC-E group (Fig. 7G and H). These find
ings suggested that 3D-CC-IE implantation significantly augmented the 
restoration of nerve fibers and myelin sheaths within the TBI lesion site. 

Fig. 8. 3D-CC-IE promoted endogenous neuroregeneration. 
(A) Representative images of Nissl staining at 2 month after implantation among four groups. (B) Statistical calculation of Nissl+ area per field. (C) Representative 
images of BrdU/NeuN in cortex among four groups. (D) Statistical calculation of BrdU+ cells in cortex. (E) Representative TEM images of neurons at 2 month after 
implantation among four groups. All data were expressed as mean ± SD; **P < 0.01 vs. TBI; #P < 0.05 vs. 3D-CC-E. Scale bars: 2 mm in (A left), 100 μm in (A middle), 
50 μm in (A right and C), 25 μm in (C), 5 μm in (E). 
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3.9. 3D-CC-IE implantation significantly enhanced neuronal regeneration 
after TBI 

To explore the potential mechanisms of 3D-CC-IE in treating TBI, 

brain tissue sections were histologically stained 2 months after TBI. Nissl 
staining revealed greater density and more widespread Nissl bodies in 
the 3D-CC-IE group (32.31 ± 2.427) compared to the TBI (7.09 ± 1.533) 
and 3D-CC-E (21.81 ± 3.569) groups (Fig. 8A and B). Further BrdU and 

Fig. 9. The characterization of neuroinflammation in the lesion site after TBI in rats. 
(A) Iba1 expression around the lesion site after TBI among four groups. (B) Statistical calculation of Activated microglia per field. (C) Arg1 and iNOS expression 
around the lesion site after TBI among four groups. (D and E) Statistical calculation of Arg1+ (D) and iNOS+ area per field (E). (F) Relative protein level (iNOS, Arg1 
and P2Y12) among four groups. (G) Statistical calculation of relative protein intensity. All data were expressed as mean ± SD; *P < 0.05, **P < 0.01 vs. TBI; #P <
0.05, ##P < 0.01 vs. 3D-CC-E. Scale bars: 100 μm in (A left), 50 μm in (A right) and 25 μm in (C). 
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NeuN labeling confirmed that the cortex initiated endogenous regener
ation processes after TBI. The 3D-CC-IE group exhibited more BrdU+

cells compared to the 3D-CC-E group, suggesting that IFN-Exo signifi
cantly promoted endogenous neuroregeneration (Fig. 8C and D). MAP2 
immunofluorescence labeling was used to examine neuronal differenti
ation in the injured area after TBI. More MAP2+ cells were found in the 
3D-CC-IE group (15.71 ± 4.9962) than in the TBI (2.23 ± 0.5124) and 
3D-CC-E (6.86 ± 2.1562) groups (Figs. S6A and B). TEM results also 
indicated the restoration of the ultrastructure within neurons of the 3D- 
CC-IE group (Fig. 8E). Von Willebrand factor (vWF) immunofluores
cence staining was used to assess vascular regeneration in the lesion area 
after TBI. The 3D-CC-E (3.76 ± 0.8371) and 3D-CC-IE (8.92 ± 1.3274) 
groups exhibited more vWF-positive cells compared to the TBI group 
(2.88 ± 0.4052) (Figs. S6C and D). Furthermore, the degree of vascular 
regeneration was relatively higher in the 3D-CC-IE group than the 3D- 
CC-E group (Fig. S6D). Increased vascular formation over a larger area 
suggested that regenerating neurons in the injury zone can better sur
vive. These findings collectively revealed that implantation of 3D-CC-IE 
after TBI promoted neuronal restoration. 

3.10. 3D-CC-IE implantation reduced neuroinflammation 

To assess inflammation in the lesion area after 3D-CC-IE implanta
tion, iba1 immunofluorescence staining was employed. There was a 
significant increase in the expression of iba1+ cells, which was markedly 
reduced in the lesion area by the 3D-CC-IE (0.51 ± 0.2142) group as 
compared to the TBI (4.25 ± 0.8804) and 3D-CC-E (1.42 ± 0.4055) 
groups (Fig. 9A and B). There was an increase in iNOS expression and a 
decrease in Arg1 within the lesion site after TBI, indicating the occur
rence of neuroinflammation (Fig. 9C). However, the decreased expres
sion of iNOS and the restored Arg1 in the 3D-CC-E and 3D-CC-IE groups 
confirmed the inhibition of neuroinflammation progression (Fig. 9D and 
E). Similarly, the results of Western blotting also demonstrated that after 
treatment with 3D-CC-E and 3D-CC-IE, the expression of iNOS 
decreased, while the expression of Arg1 and P2Y12 increased. This 
showed a transition of microglia from M1 to M2 phenotype (Fig. 9F and 
G). These results suggested that interferon-γ preconditioned exosomes 
might act on neural repair by suppressing neuroinflammation during 
TBI. To further validate the molecular mechanisms underlying the 
alleviation of neuroinflammation by IFN-Exo, we conducted additional 
western blotting experiments. The results of the western blotting indi
cated that the p38MAPK/mTOR signaling pathway was highly activated 
in the injury area after TBI, with significant increase in p-p38, p-ERK, 
TSC1, p-mTOR, and p-p70S6K (Fig. S7A). However, these levels 
decreased after 3D-CC-E treatment. Importantly, compared to 3D-CC-E 
group, 3D-CC-IE group exhibited a more pronounced effect in modu
lating the p38MAPK/mTOR signaling pathway (Figs. S7B–F). 

4. Discussion 

TBI caused mortality and disability globally. During the acute phase, 
neurons and axons underwent continuous death, with varying degrees of 
damage to vascular endothelium. This, in turn, allowed blood compo
nents, including peripheral immune cells, to infiltrate brain paren
chyma, fostering a pro-inflammatory environment. Astrocytes swelled, 
leading to tissue edema, elevated intracranial pressure, reduced cerebral 
blood flow, ischemia, and exacerbation of a vicious cycle. This signifi
cantly prolonged the recovery time for TBI. Given the complexity of the 
pathophysiology involving interrelated immune, inflammatory, and 
neurovascular cascades following TBI, single-target treatments showed 
limited efficacy in clinical trials [50–52]. To address the intricate 
pathophysiological processes effectively, a combined therapy based on 
stem cell-derived exosomes and tissue engineering scaffolds was 
considered a potential strategy for TBI treatment. In this study, Exo and 
IFN-Exo, combined with a collagen/chitosan mixture, were used to 
fabricate 3D-CC-E and 3D-CC-IE scaffolds using low-temperature 3D 

printing technology. These printed scaffolds were directly transplanted 
into the injury site of TBI rats to investigate their therapeutic effects. 
Ultimately, improved neurological function, along with histological 
confirmation, substantiated the significant enhancement of neurofunc
tional recovery with the 3D-CC-IE therapy after TBI. 

Exosomes derived from NSCs were considered a potential strategy 
for treating TBI [53,54]. Exosomes secreted by NSCs were rich in miR
NAs and proteins involved in anti-apoptosis, anti-inflammatory effects, 
blood-brain barrier repair, promotion of neuronal regeneration, and 
synaptic plasticity. They played a crucial role in the extensive interac
tion between neurons and glial cells following TBI. Notably, exosomes 
subjected to various preconditioning conditions demonstrated robust 
therapeutic potential [23–25]. Previous studies had confirmed that 
IFN-γ-preconditioned exosomes effectively enhanced the recovery of 
neurological function after ischemic stroke in rats [29]. Therefore, we 
hypothesized that exosomes secreted by NSCs after IFN-γ pre
conditioning might have had potent therapeutic effects in TBI. In this 
study, we extracted and characterized exosomes using ultracentrifuga
tion. We focused on the role of IFN-Exo and compared their functions 
with Exo. The results of miRNA sequencing showed that GO enrichment 
and KEGG enrichment of target genes in the IFN-Exo group mainly 
included both neural differentiation and inflammatory regulation. A 
large number of processes related to neural differentiation such as axon 
guidance, glutamatergic synapses, neuronal projections, and cAMP 
signaling pathway. These results suggested that IFN-Exo may promote 
the differentiation of NSCs to neurons, which may play a key auxiliary 
role in endogenous neurogenesis after TBI. The elevated expression of 
DCX and NeuN in the IFN-Exo group indicated that IFN-Exo promoted 
the differentiation and maturation of NSCs. Consistent with our 
sequencing results, related studies have demonstrated that miR-124, 
miR-7, and miR-21 promoted neural stem cell differentiation and 
maturation [55–57]. On the other hand, the IFN-Exo group exhibited 
processes related to inflammation regulation such as inflammatory 
response, PI3K-Akt signaling pathway, NF-κB signaling pathway and 
TGF-β signaling pathway. Consistency experiments with the sequencing 
results confirmed that IFN-Exo was able to inhibit the development of 
neuroinflammation as well as regulate the transition of M1-type 
microglia to M2-type. In vitro results confirmed that IFN-Exo attenu
ates neuroinflammation by modulating the MAPK/mTOR pathway. 
Published studies have confirmed that decreased miR-132 expression as 
well as upregulated miR-155 expression in neuroinflammatory states 
[58,59]. In addition, our results also revealed that IFN-Exo could in
crease the tolerance of primary neurons to OGD/R. Recent studies have 
shown that NSC-derived extracellular vesicles (NSC-EVs) can signifi
cantly improve the activation of microglia and reduce neuronal 
apoptosis after spinal cord injury in rats [60]. Additionally, one research 
has suggested that NSC-EVs can effectively promote the remodeling of 
brain tissue in pigs after ischemic stroke, including reducing brain lesion 
volume and edema [61]. In summary, IFN-Exo positively affected 
neuronal survival, axonal growth and vascular regeneration, and alle
viated neuroinflammation, demonstrating that IFN-Exo had the poten
tial to be involved in multiple pathophysiological processes in TBI, 
providing potential benefits for neurological recovery. Given the pro
tracted course of TBI and the rapid clearance of exosomes, simple exo
some therapy may not yield the most effective treatment outcomes [36, 
62]. Therefore, it is necessary to deliver exosomes via biomaterial 
scaffolds to maximize their retention and sustained release. 

Numerous studies had substantiated the favorable mechanical 
properties and biocompatibility of composite scaffolds prepared from 
collagen and chitosan [63,64]. Additionally, being natural biomaterials, 
both collagen and chitosan could effectively mimic the ECM under 
physiological conditions, providing a necessary microenvironment for 
tissue repair [44]. Collagen, as a natural ECM protein, played a crucial 
role in cell adhesion and migration due to its excellent biocompatibility 
and low immunogenicity [65,66]. However, limitations such as rapid 
degradation and deformation hindered the suitability of a singular 
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collagen scaffold for tissue engineering [67]. Chitosan, acknowledged as 
a glycosaminoglycan, had demonstrated commendable properties such 
as hemostasis, antimicrobial activity, strong mechanical performance, 
and good cell compatibility, making it widely applied in biomedical 
fields like wound healing, drug delivery vehicles, and peripheral nerve 
regeneration [68,69]. Nevertheless, due to its low hydrophilicity, chi
tosan’s biodegradability was not fully optimal [70]. Therefore, adjusting 
the biodegradation rate of chitosan to better match the pace of new 
tissue formation held crucial significance for neural tissue regeneration. 
Previous research had confirmed that chitosan and collagen were 
molecularly soluble and exhibited interaction between components 
[71]. Multiple studies suggested the pivotal role of collagen and chitosan 
in the reconstruction of neural networks after central nervous system 
injuries [24,25,72]. Thus, in this study, we utilized low-temperature 3D 
printing technology to fabricate collagen/chitosan scaffolds, maxi
mizing the preservation of exosome activity. The 3D-printed scaffolds 
prepared in this study exhibited a higher elastic modulus, facilitating the 
attachment and migration of endogenous NSCs within the scaffold. The 
porosity of 3D-CC-IE was higher than that of CC scaffolds, possibly 
contributing to the larger release of exosomes in 3D-CC-IE compared to 
CC-IE. Additionally, SEM indicated multiple internal voids within the 
scaffold, with exosomes adhering to its inner surface. Furthermore, 
three-dimensional reconstructed fluorescent images demonstrated the 
distribution of exosomes within the scaffold. Adequate water absorption 
rates allowed the scaffold to effectively load exosomes and prevent their 
loss, supporting cell growth. In this study, we observed a significantly 
higher release of exosomes from the 3D-CC-IE scaffold compared to the 
CC-IE scaffold, revealing that 3D printing technology enhanced the 
fixation and release capabilities of collagen/chitosan, and the released 
exosomes could be engulfed by NSCs. In conclusion, these results sug
gested that the 3D-printed CC scaffold enabled the uniform distribution 
of exosomes and maintained a higher release rate. Subsequently, we 
loaded the exosomes onto a chitosan-collagen (CC) scaffold and 
co-cultured them with NSCs. The results showed that IFN-Exo exhibited 
higher cellular viability and adhesion rates compared to ordinary exo
somes when incorporated into the CC scaffold. These findings confirmed 
the promising potential of 3D-CC-IE in the treatment of TBI. 

The results unequivocally demonstrated that exosomes released from 
the 3D-CC-IE scaffold played a crucial role in the lesion site after TBI. 
Firstly, we implanted 3D-CC-IE into the cortical lesion area of rats after 
TBI, and significant improvements in mNSS scores and various in
dicators in the water maze suggested that 3D-CC-IE promoted cognitive 
function recovery after TBI. Meanwhile, in vivo experiments showed that 
3D-CC-IE possessed good biocompatibility and was non-toxic to the 
organism, making it an ideal choice for treating TBI. Subsequent histo
logical staining confirmed the potential contribution of 3D-CC-IE to 
long-term neural function recovery after TBI. Improvements in histo
logical morphology (HE staining, Bielschowsky’s silver staining, Nissl 
staining, LFB staining, Golgi staining and immunofluorescence staining) 
and ultrastructure within neurons after 2 months suggested that 3D-CC- 
IE effectively reduced neuronal damage and promoted tissue recon
struction in the lesion site. Consistent with miRNA sequencing, the 
elevation of MAP2 indicated that 3D-CC-IE significantly enhanced the 
differentiation of NSCs, as well as endogenous neurogenesis in cortical 
regions, suggesting enhanced endogenous neurogenesis after TBI. 
Meanwhile, another crucial factor influencing brain repair after TBI was 
vascular regeneration. In this study, 3D-CC-IE promoted the expression 
of von willebrand factor (vWF) in the lesion area, demonstrating that 
IFN-Exo significantly facilitated vascular remodeling, which favored the 
survival and development of regenerating neurons. Neuroinflammation 
is a crucial process in the pathological physiology of TBI, involving 
activation of glial cells, infiltration of inflammatory cells, and secretion 
of pro-inflammatory factors [73]. The differential expression of iba1, 
Arg1 and iNOS in this research confirmed that 3D-CC-IE significantly 
alleviated microglia activation at the lesion site and promoted its tran
sition from M1-type to M2-type. Whereas in vivo and in vitro experiments 

jointly confirmed that IFN-Exo alleviated secondary neuroinflammation 
by modulating the MAPK/mTOR signaling pathway. 

Our research revealed that IFN-Exo actively participated in various 
pathophysiological processes after TBI. Consistent results from miRNA 
sequencing and in vivo experiments confirmed that IFN-Exo promoted 
neural differentiation and reduced neuroinflammation, which provided 
a specific microenvironment to accelerate the neuroregenerative effects 
of 3D-CC-IE. Thanks to the rich abundance and strong targeting of 
functional proteins and miRNA in IFN-Exo, 3D-CC-IE significantly pro
moted neural network reconstruction and neurofunctional recovery. As 
mentioned earlier, the therapeutic effects of exosomes on TBI result from 
the combined action of multiple factors rather than a single element. In 
this study, IFN-Exo was loaded onto a CC scaffold using low-temperature 
3D printing technology, which extended the duration of exosome action, 
aligning it with the process of TBI recovery and thus exerting powerful 
therapeutic effects. Future research should focus on exploring cellular 
developmental trajectories and interactions during tissue repair, 
providing feasible timelines for scaffold design and exosomes release. 
For instance, tracking the distribution of exosomes in the lesion area and 
the developmental status of regenerated neurons. Additionally, recent 
studies have confirmed that nanoparticle-based drug delivery or nano
scaffolds exhibited promising therapeutic effects for TBI [74–76]. Given 
that nanoparticles can achieve effective encapsulation and targeted 
delivery of exosomes, they may become a focus of future research 
directions. 

5. Conclusions 

In this study, we proposed a potential therapeutic strategy for TBI 
based on interferon-γ-preconditioned NSC-derived exosomes (IFN-Exo) 
and 3D-printed collagen/chitosan scaffolds (3D-CC-IE). IFN-Exo showed 
potent ability to promote NSC differentiation as well as reduce neuro
inflammation. The 3D-CC-IE scaffold exhibited excellent biological and 
mechanical properties, providing a suitable microenvironment for NSCs 
differentiation and exosomes release. Additionally, the 3D-CC-IE scaf
fold participated in multiple pathological processes after rat TBI, 
significantly improving neurodeficiency. In summary, the 3D-CC-IE 
therapy had a positive impact on enhancing neuroregeneration after 
TBI, presenting significant clinical application potential. 
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OGD/R oxygen-glucose deprivation/reperfusion 
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exosomes 
3D-CC-IE 3D-printed collagen/chitosan scaffolds integrated with IFN 

preconditioned NSC exosomes 
MTT methylthiazolyldiphenyl-tetrazoliumbromide 
mNSS Modified neurological severity score 
TEM Transmission electron microscopy 
SEM Scanning Electron microscopy 
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KEGG Kyoto Encyclopedia of Genes and Genomes 
BDNF Brain-derived neurotrophic factor 
GDNF Glia cell line-derived neurotrophic factor 
ALT alanine aminotransferase 
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AST aspartate aminotransferase 
BUN blood urea nitrogen 
NSC-EVs NSC-derived extracellular vesicles 
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