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Low-temperature 3D-printed collagen/chitosan scaffolds 
loaded with exosomes derived from neural stem cells 
pretreated with insulin growth factor-1 enhance neural 
regeneration after traumatic brain injury

Abstract  
There are various clinical treatments for traumatic brain injury, including surgery, drug therapy, and rehabilitation therapy; however, the therapeutic effects are 
limited. Scaffolds combined with exosomes represent a promising but challenging method for improving the repair of traumatic brain injury. In this study, we 
determined the ability of a novel 3D-printed collagen/chitosan scaffold loaded with exosomes derived from neural stem cells pretreated with insulin-like growth 
factor-1 (3D-CC-INExos) to improve traumatic brain injury repair and functional recovery after traumatic brain injury in rats. Composite scaffolds comprising 
collagen, chitosan, and exosomes derived from neural stem cells pretreated with insulin-like growth factor-1 (INExos) continuously released exosomes for 2 
weeks. Transplantation of 3D-CC-INExos scaffolds significantly improved motor and cognitive functions in a rat traumatic brain injury model, as assessed by the 
Morris water maze test and modified neurological severity scores. In addition, immunofluorescence staining and transmission electron microscopy showed that 
3D-CC-INExos implantation significantly improved the recovery of damaged nerve tissue in the injured area. In conclusion, this study suggests that transplanted 
3D-CC-INExos scaffolds might provide a potential strategy for the treatment of traumatic brain injury and lay a solid foundation for clinical translation.
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Introduction 
Traumatic brain injury (TBI) is a serious health problem worldwide, potentially 
leading to lifelong disability (Stocchetti et al., 2017; Gao et al., 2020; Wiles, 
2022). Despite significant advances in prehospital, perioperative, and 
intensive care management, TBI continues to cause high mortality and long-
term neurological impairment (Wiles, 2022). Specific and effective treatments 
for TBI, other than preventive measures or intensive care, are limited (Cui 
et al., 2022), and there is thus an urgent need for improved treatments 
for TBI. The development of tissue engineering and stem cell therapy may 
provide new strategies for the treatment of TBI. Biomaterial-based therapies 
are gaining popularity in experimental applications, including biomolecules, 
drug delivery, and cell scaffolds, which support the damaged area and also 
promote tissue regeneration at the injured site (Ma et al., 2019a; Hacene 

et al., 2022; Verstappen et al., 2022). Biomaterial-based therapies utilizing 
endogenous neural stem cells (NSCs) for tissue repair may be an alternative 
strategy to improve neural regeneration in TBI (Tan et al., 2020). NSCs are 
pluripotent and can mature into different cell types (Jiao et al., 2021). They 
have been confirmed to promote tissue regeneration and differentiation 
into oligodendrocytes and promote remyelination (Zipser et al., 2022). 
NSC therapy thus offers new insights into the treatment of nervous system 
diseases (Goldman, 2016; Shen et al., 2016). Stem cell transplantation has 
been recognized as a reliable treatment for many central nervous system 
diseases in animal models (Hattiangady and Shetty, 2012; Tajiri et al., 2014; 
Acosta et al., 2015; Goldman, 2016; Gonzalez et al., 2016; Garbuzova-Davis 
et al., 2017). However, intracranial hemorrhage is a potentially serious 
complication of stem cell injection using stereotaxic neurosurgery and needle 
injection, leading to neurological deficits (Shen et al., 2016). Intravenous 
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Graphical Abstract

Implantation of 3D-CC-INExos improves neural regeneration, ameliorates angiogenesis, and 
inhibits inflammation and apoptosis in rats after traumatic brain injury (TBI)

From the Contents
Introduction 1990

Methods  1991

Results 1992

Discussion 1995

Xiao-Yin Liu1, 2, #, Yin-He Feng3, #, Qing-Bo Feng4, #, Jian-Yong Zhang5, Lin Zhong6, Peng Liu1, Shan Wang1, Yan-Ruo Huang7, *, 
Xu-Yi Chen2, 8, *, Liang-Xue Zhou1, *



NEURAL REGENERATION RESEARCH｜Vol 18｜No. 9｜September 2023｜1991

NEURAL REGENERATION RESEARCH
www.nrronline.orgResearch Article

injection of stem cells is associated with less risk, but most of the injected 
stem cells are captured by the lung, liver, and spleen, rather than by the 
injured brain. Magnetic targeting cellular therapy might be another viable 
stem cell therapy for TBI, resolving the problem of targeting stem cells to the 
damaged area (Kim et al., 2020; Luo and Du, 2020). However, the low survival 
rate of NSCs presents another challenge, possibly due to negative effects 
on the microenvironment in the injured area (Dooley et al., 2014; Othman 
and Tan, 2020). The above problems mean that NSC therapy is currently not 
suitable for clinical application.

Exosomes are released by mammalian cells and play essential roles in 
intercellular communication (Vogel et al., 2018; Sharma et al., 2019). Exosomes 
signal over short distances within brain tissue and can signal broadly 
throughout the brain via the cerebrospinal fluid, and have demonstrated 
biological activity and biological roles in neurons (Vogel et al., 2018). NSC-
derived exosomes contain specific micro RNAs (miRNAs) and proteins related 
to nerve regeneration, neuroprotection, and neuroplasticity (Nakamura et al., 
2015; Stevanato et al., 2016; Vogel et al., 2018), and can act as independent 
metabolic units with positive effects the microenvironment and signaling 
pathways in normal adult brain (Zhao et al., 2016; Iraci et al., 2017; Vogel et 
al., 2018). The above advantages suggest that NSC-derived exosomes may be 
used to treat TBI.

Exosomes produced by pretreating cells with various drugs, cytokines, and 
physical factors have also demonstrated strong biological activity and function 
(Hu et al., 2021a). Insulin-like growth factor 1 (IGF-1) is an active protein 
polypeptide that regulates cellular growth, differentiation, and survival. IGF-
1 expressed in brain neurons and glial cells can stimulate the proliferation of 
neurons and glial precursors and their phenotypic differentiation in the brain 
(Ayer-le Lievre et al., 1991). A previous study (Ma et al., 2019b) revealed that 
NSC-derived exosomes pretreated with IGF-1 (IGF-1-Exos, INExos) inhibited 
the nuclear factor-κB pathway, and that neuroinflammation promoted 
neuroprotection after spinal cord injury by upregulating miR-219a-2-3p to 
inhibit the expression of YY1. INExos might thus have excellent reparative 
effects in TBI.

3D-printing technology allows the creation of personalized scaffolds to 
match the precise anatomy of the individual, thereby guiding, aligning, and 
stimulating tissue regeneration. 3D-printed scaffolds combined with stem 
cell-derived exosomes have been used to promote repair and regeneration 
of damaged areas in animals with TBI (Chen et al., 2022; Cui et al., 2022; 
Wang et al., 2022). However, conventional 3D-printing techniques impair 
the bioactivity of exosomes. We therefore used low-temperature 3D-printed 
scaffolds incorporating exosomes to maintain the bioactivity of the exosomes. 
We previously showed that collagen/chitosan might be ideal materials for 
spinal cord injury repair (Liu et al., 2021). In the current study, we aimed to 
prepare a novel 3D-printed collagen/chitosan scaffold loaded with exosomes 
derived from NSCs pretreated with IGF-1 (3D-CC-INExos) and investigated its 
ability to bridge injured areas and improve neurological functional recovery 
in rats after TBI. We hypothesized implantation of 3D-CC-INExos improves 
neural regeneration, ameliorates angiogenesis, and inhibits inflammation and 
apoptosis in rats after TBI.
 
Methods   
Ethics statement
All animal protocols were reviewed and approved by the Ethics Committee of 
Sichuan University (approval No. KS2022879; approval date: March 11, 2022) 
and conducted in strict accordance with international laws and National 
Institutes of Health policies, including the Guide for the Care and Use of 
Laboratory Animals (8th ed., National Research Council, 2011).

Isolation and identification of NSCs and NSC-exosomes
NSCs were isolated from the brains of embryonic day 14 (E14) specific-
pathogen-free Sprague-Dawley (SD) rats (Chengdu Dossy, Chengdu, Sichuan, 
China, license No. SCXK (Chuan) 2020-030) and cultured as described 
previously (Harris et al., 2007; Jiang et al., 2020b). Floating neurospheres 
were collected by centrifugation (112 × g for 5 minutes) and cultured in 
fresh growth medium. NSCs were purified from neurospheres subcultured 
to the third generation and identified by nestin markers. Briefly, samples 
were incubated with primary rabbit anti-nestin monoclonal antibody (1:200; 
Abcam, Cambridge, UK, Cat# ab105389, RRID: AB_10859398) overnight at 
4°C, followed the next day by incubation with secondary antibodies (goat 
anti-rabbit IgG H&L (Alexa Fluor® 488), 1:1000; Abcam, Cat# ab150077, 
RRID: AB_2630356) for 1 hour at room temperature. Third-generation NSCs 
were cultured in two complete media: (1) DMEM/F12 medium (Gibco, 
Carlsbad, CA, USA) supplemented with 20 ng/mL epidermal growth factor 
(EGF; PeproTech, Rocky Hill, NJ, USA), 20 ng/mL basic fibroblast growth factor 
(bFGF; PeproTech), 1× B27 supplement (Gibco), 100 U/mL penicillin (Gibco), 
and 100 U/mL streptomycin (Gibco); (2) IGF-1 medium (DMEM/F12 medium 
supplemented with 20 ng/mL EGF, 20 ng/mL bFGF, 1× B27 supplement, 100 
ng/mL IGF-1 (PeproTech), 100 U/mL penicillin, and 100 U/mL streptomycin). 
Exosomes were isolated from NSC supernatant with or without IGF-1 
pretreatment by ultracentrifugation, as described previously (Hu et al., 
2021b; Zhang et al., 2021c; Han et al., 2022). Briefly, the cell supernatant 
was centrifuged at 300 × g for 10 minutes, 2000 × g for 10 minutes, and 
10,000 × g for 30 minutes at 4°C. The supernatant obtained by gradient 
centrifugation was centrifuged at 100,000 × g for 90 minutes at 4°C to 
obtain the precipitate, which was resuspended in sterile phosphate-buffered 
saline (PBS) and centrifuged again at 4°C for 90 minutes at 100,000 × g. The 

resulting precipitate after removal of the supernatant was then resuspended 
in sterile PBS and stored at –80°C for downstream experiments. The following 
exosomes were used: NExos (exosomes extracted from supernatant of 
NSCs cultured in ordinary complete medium) and IGF-1-NExos (INExos; 
exosomes extracted from supernatant of NSCs cultured in ordinary complete 
medium supplemented with IGF-1). Exosome morphology was examined by 
transmission electron microscopy (TEM) (HT7700, Hitachi, Tokyo, Japan). The 
distribution of exosome size was detected by nanoparticle tracking analysis 
(NTA) (Malvern Instruments, Malvern, UK) and the expression of the exosome 
markers CD9 (1:1000; Abcam, Cat# ab236630, RRID: AB_2922400) and 
CD63 (1:10,000; ProteinTech, Wuhan, Hubei, China, Cat# 67605-1-Ig, RRID: 
AB_2882811) were assessed by western blotting (WB). The concentration of 
exosomes was determined using a bicinchoninic acid (BCA) reagent test kit 
(Beyotime, Shanghai, China).

Preparation of scaffolds
Collagen/chitosan was prepared, as described previously (Liu et al., 2019; 
Sun et al., 2019). In brief, fresh bovine tendons from the market were 
crushed thoroughly, placed in 0.05 M Tris buffer, and centrifuged at 3990 × 
g for for 15 minutes to obtain a precipitate. The pellet was dissolved in an 
acetic acid solution of pepsin and centrifuged to collect the supernatant. The 
supernatant was added to 3.5 M NaCl solution and stirred well to obtain the 
salt precipitate, followed by dialysis of the precipitate in deionized water at 
4°C for 5 days to obtain the collagen gel. Chitosan (75–85% deacetylation 
degree; MilliporeSigma, Burlington, MA, USA) was placed in 1% acetic acid 
solution for full dissolution and subsequent experiments. The collagen/
chitosan compound was incubated at 4°C overnight and then divided into 
four equal parts, as described previously (Liu et al., 2021), and 0.1 g of sterile 
collagen/chitosan solution was then mixed with a solution containing 200 µg 
of NSC-derived exosomes (NExos) or 200 µg of IGF-NSC-derived exosomes 
(INExos) and incubated and stirred for 24 hours at 4°C. The prepared mixed 
material (collagen/chitosan or collagen/chitosan composite combined with 
NExos or INExos) was placed in a printer cartridge (Regenovo, Hangzhou, 
China). The printing process was implemented according to the following 
parameters: nozzle diameter (160 μm), platform temperature (–20°C), 
extrusion speed (0.17 mm/min), printing speed (12 mm/s) and layer thickness 
(0.3 mm). All printed scaffolds were freeze-dried and then cut into a cylinder 
(diameter 2 mm, height 2 mm) for subsequent animal experiments. Scaffolds 
were sterilized using 60Co (Huizhou Huada Irradiation Technology Co., Ltd., 
Huizhou, Guangdong, China) at 4°C for subsequent experiments. Four kinds 
of scaffolds were used: collagen/chitosan (CC), 3D-printed collagen/chitosan 
(3D-CC), 3D-printed collagen/chitosan/NExos (3D-CC-NExos), and 3D-printed 
collagen/chitosan/INExos scaffolds (3D-CC-INExos). Notably, the scaffolds 
were prepared at low temperature (4°C) to maintain the bioactivity of the 
exosomes, and the scaffolds were printed at –20°C. 

Morphology and degradation of scaffolds in vivo
Scaffold morphology was evaluated using a digital camera (D3500, Nikon, 
Tokyo, Japan), hematoxylin and eosin (HE) staining (Servicebio, Wuhan, 
Hubei, China), and scanning electron microscopy (Hitachi). The distribution 
of exosomes was observed following PKH26 labelling under a confocal laser 
scanning microscope (CLSM, LSM 880, Zeiss, Oberkochen, Germany). The 
suitable mass ratio of the scaffolds was investigated by manufacturing 3D-CC-
INExos scaffolds with five different mass ratios of collagen:chitosan (16:1, 8:1, 
1:1, 1:8, 1:16). According to previous in vivo scaffold-degradation experiments 
(Jiang et al., 2020a), three sterile scaffolds (n = 5) with the same mass ratio 
were implanted into the backs of rats under anesthesia (Intraperitoneal 
injection of 1% pentobarbital sodium (40 mg/kg, MilliporeSigma)). The initial 
mass of the scaffold was recorded and the scaffolds with five different masses 
were removed at 1, 2, 3, 4, 5, 6, 7, and 8 weeks after surgery, to evaluate their 
degradation. The mass of the scaffold when it was removed was recorded as 
mass at time (t). The degradation behavior of the scaffold was calculated as: 
percent mass remaining = mass at time (t)/initial mass × 100. Degradation 
time curves of the scaffolds were plotted based on the results of the 
determination.

Physical properties of scaffolds and cumulative exosome release from 
scaffolds
The water absorption and porosity ratios of the scaffolds were identified by 
the gravimetric method and volume method, respectively (Sun et al., 2019; 
Liu et al., 2021). Briefly, water uptake was calculated by immersing each 
scaffold in PBS for 24 hours. After removing free water from the surface, 
the sample was weighed (Mt) and the dry weight (M0) was determined after 
drying the sample for 2 hours. The water absorption ratio was calculated as: 
water absorption ratio (%) = (Mt–M0)/M0 × 100. To determine porosity, the 
scaffold was placed in absolute ethanol (volume V0) for 5 minutes and the 
volume of alcohol (V1) was measured after negative pressure degassing until 
there was no obvious bubble exudation. After removal of the scaffold, the 
remaining volume of alcohol was measured as V2 and the porosity ratio was 
calculated as: porosity ratio (%) = (V0–V2)/(V1–V2) × 100. The exosome-release 
characteristics of the CC-INExos and 3D-CC-INExos scaffolds were compared 
by assessing the cumulative exosome release time by BCA assay (Beyotime) 
at 1, 3, 5, 7, and 14 days. Based on the results, cumulative release curves of 
exosomes from the scaffolds were plotted. To prove that scaffold-released 
exosomes can be endocytosed by NSCs, immunofluorescence staining (IF) was 
used to assess the localization of the scaffold-released exosomes and NSCs. 
Scaffold-released exosomes were labeled with PKH26 (MilliporeSigma), and 
the cytoskeleton of NSCs was labelled with F-Actin-Tracker Green (Beyotime).
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Histocompatibility of scaffolds in vitro and in vivo
To verify the compatibility of the scaffold with NSCs in vitro, NSCs were 
cocultured with scaffolds at a density of 1 × 106/mL and the adhesion rate 
of NSCs cocultured with the scaffolds was observed at 1, 12, 24, 36, 48, 60, 
and 72 hours (Liu et al., 2021). The cell adhesion rate was calculated as: cell 
adhesion rate (%) = number of adherent cells/number of seeded cells × 100. 
The proliferative capacity of NSCs cocultured with the scaffolds was examined 
at 1, 3, 5, and 7 days and the viability of NSCs during coculture was assessed 
by CCK-8 assay (MilliporeSigma), according to the manufacturer’s instructions. 
In brief, CCK-8 solution was added into a 12-well plate of NSCs cocultured with 
scaffolds at a ratio of 1:10 for 4 hours, and the absorbance of the solution 
was then measured with a microplate reader (BioTek, Covina, CA, USA) at 
a wavelength of 450 nm. After coculture for 7 days, the NSC cytoskeleton 
was visualized by Actin-Tracker Green staining. We then evaluated the 
differentiation of NSCs cocultured with two different scaffolds after 7 days 
using IF. Cocultured samples were incubated with the following rabbit primary 
antibodies: NF (a neurofilament marker; 1:50; Abcam, Cat# ab223343, RRID: 
AB_2891198), growth-associated protein-43 (GAP43; an axon marker; 1:200; 
Abcam, Cat# ab75810, RRID: AB_1310252), neuronal nuclear protein (NeuN; 
a neuron nuclei marker; 1:500; Abcam, Cat# ab177487, RRID: AB_2532109), 
and glial fibrillary acidic protein (GFAP; an astrocyte marker; 1:250; Abcam, 
Cat# ab68428, RRID: AB_1209224) overnight at 4°C, followed the next day 
by incubation with secondary antibodies (1:1000; goat anti-rabbit IgG H&L 
(Alexa Fluor® 488), Cat# ab150077, RRID: AB_2630356; 1:500; Abcam, 
goat anti-rabbit IgG H&L (Alexa Fluor® 647), Abcam, Cat# ab150079, RRID: 
AB_2722623) for 1 hour at room temperature. Images were acquired under a 
CLSM (LSM 880, Zeiss).

Establishment of rat TBI model and scaffold implantation 
A total of 120 male SD rats (12 weeks old, 200–220 g, specific-pathogen-
free; Chengdu Dossy) were maintained at 24 ± 2°C, 40% humidity, in a 12-
hour light-dark cycling environment, with free access to water and food, and 
one rat per cage. The rats were divided into four groups using the “random 
numbers” in QuickCalcs (GraphPad, San Diego, CA, USA): sham group (surgery 
without TBI, n = 30), TBI group (TBI alone, n = 30), 3D-CC-NExos group (3D-CC-
NExos implantation after TBI, n = 30), and 3D-CC-INExos group (3D-CC-INExos 
implantation after TBI, n = 30). Rats were anesthetized by intraperitoneal 
injection of 1% pentobarbital sodium (40 mg/kg; MilliporeSigma). Briefly, a 
5 mm diameter craniotomy (3.6 mm posterior to the bregma and 2.5 mm to 
the right of the midline, based on the Rat Brain Atlas; Paxinos and Watson, 
2006) was performed to expose the intact dura, as described previously (Liu 
et al., 2020). The rats were then moved to a stereotaxic frame (RIWARD, 
Shenzhen, Guangdong, China) and the mold was applied to the brains of rats 
in the 3D-CC-NExos and 3D-CC-INExos groups to create a lesion cavity 2 mm 
in diameter and 2 mm in height in the right posterior part of the brain. After 
sufficient hemostasis, 3D-CC-NExos and 3D-CC-INExos (2 mm in diameter, 2 
mm in height) scaffolds were grafted into the cavity, respectively. During this 
process, the rats’ breathing was maintained using a small animal ventilator 
(RIWARD). Rats in the sham group received a 5 mm diameter craniotomy 
under anesthesia. 

Assessment of functional recovery
Hippocampal-dependent memory and spatial learning from postoperative 
days 21–28 were assessed using the Morris water maze test (Zhang et al., 
2021a, b). The rats’ swimming trajectories were captured by making the water 
opaque using nontoxic ink. The water temperature was adjusted to 22–25°C. 
The spatial-learning phase was on days 21–26 after TBI. Rats were placed in 
the pool and trained to find the platform. If the rat found the platform, it was 
allowed to stay there for 2 seconds, and if the rat failed to find the platform 
within 60 seconds, it was allowed to ride on the platform for 20 seconds. The 
time between the rats being placed in the water and finding the platform was 
identified as the escape latency. The spatial-memory phase was on day 28 
after TBI. After the platform was removed, the number of site crossings and 
the percentage of time spent in the target zone were recorded. Neurological 
functional recovery was assessed at 1, 3, 7, 14, 21, and 28 days after TBI using 
modified neurological severity scores (Zhang et al., 2021a, b), consisting of 
motor tests (tail-lifting test, abnormal activity), sensory tests (vision, touch, 
proprioception), balance beam test, reflex activity, and abnormal movement. 
The score ranged from 0–18 points, with 0 being normal and 18 indicating the 
maximum neurological deficit.

Evaluation of nerve regeneration and repair by histology and TEM
To investigate the nerve regeneration and repair following implantation of 
3D-CC-INExos scaffolds, rats were anesthetized by intraperitoneal injection of 
1% sodium pentobarbital (40 mg/kg, MilliporeSigma) and then perfused with 
saline (Chengdu Qingshan Likang Pharmaceutical Co., Ltd., Chengdu, Sichuan, 
China) 2 months after TBI. Brain tissue was removed, paraffin-embedded, and 
cut into 5 μm thick slices using an automatic paraffin slice system (MEDITE, 
Hanover, Germany), as described previously (Jiang et al., 2020b; Zhang et al., 
2021b; Liu et al., 2022). To evaluate the damage-repair effects, we compared 
the general appearance of the damaged area in the model and new tissue in 
the damaged area by HE staining (Servicebio), Bielschowsky’s silver staining 
(Servicebio), and Nissl staining (Servicebio) 2 months after TBI. For IF, tissue 
slices were placed in a repair box with EDTA antigen repair buffer (pH 8.0) 
in a microwave oven for antigen repair. After drying, sections were blocked 
with 3% bovine serum albumin (Cat# G5001, Servicebio) for 30 minutes 
and then incubated with the corresponding primary antibodies: rabbit anti-
nestin monoclonal antibody (NSC marker; 1:100; Abcam, Cat# ab105389, 
RRID: AB_10859398); monoclonal rabbit anti-NF antibody (neurofilament 

marker; 1:500; Abcam, Cat# ab223343, RRID: AB_2891198); monoclonal 
mouse anti-myelin basic protein (MBP; myelin sheath marker; 1:10; Abcam, 
Cat# ab11159, RRID: AB_297797); monoclonal rabbit anti-NeuN (neuron 
marker; 1:1000; Abcam, Cat# ab177487, RRID: AB_2532109); monoclonal 
rabbit anti-microtubule-associated protein 2 (MAP2; microtubule marker; 
1:100; Abcam, Cat# ab183830, RRID: AB_2895301); monoclonal mouse 
anti-synaptophysin (SYP; synapse marker; 1:50; Abcam, Cat# ab8049, RRID: 
AB_2198854); monoclonal rabbit anti-CD31 (vascular endothelium marker; 
1:1000; Abcam, Cat# ab76533, RRID: AB_1523298); monoclonal mouse anti-
α-SMA (vascular smooth muscle marker; 1:500; Abcam, Cat# ab7817, RRID: 
AB_262054); polyclonal rabbit anti-CD68 (activated macrophage/microglia 
marker; 1:100; Abcam, Cat# ab125047, RRID: AB_10971844); and monoclonal 
mouse anti-Iba1 (microglia marker; 1:100; Abcam, Cat# ab283319) at 4°C 
overnight. The corresponding secondary antibodies were then added: goat 
anti-rabbit IgG H&L (Alexa Fluor® 488)  (1:1000; Abcam, Cat# ab150077, 
RRID: AB_2630356) and goat anti-rabbit IgG H&L (Alexa Fluor® 647) (1:500; 
Abcam, Cat# ab150079, RRID: AB_2722623) and donkey anti-mouse IgG H&L 
(Alexa Fluor® 647) (1:300; Abcam, Cat# ab150107, RRID: AB_2890037) and 
incubated for 1 hour at 37°C. Samples were incubated with 4′,6-diamidino-
2-phenylindole (Bioss, Beijing, China, Cat# S0001) for 8 minutes at room 
temperature prior to photographing. Apoptosis was detected in TBI-injured 
areas using a terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay kit (Servicebio), according to the manufacturer’s instructions 
(Zhang et al., 2021b). The histological and IF results were quantified by 
analyzing images at 400 × magnification using ImageJ software (version 7.4; 
National Institutes of Health, Bethesda, MD, USA). For TEM, brain tissue was 
removed 2 months after TBI and cut into small pieces (1 mm × 1 mm × 1 mm), 
fixed in glutaraldehyde for 2 days, and treated sequentially with osmic acid 
(Ted Pella Inc., Redding, CA, USA), dehydrated, permeated, embedded, and 
cut into ultrathin sections using an ultrathin slicer (Leica UC7, Leica). After 
co-staining with uranyl acetate (Hubei Chushengwei Chemical Industry Co. 
Ltd., Wuhan, Hubei, China) and lead citrate (Shanghai Macklin Biochemical 
Co., Ltd, Shanghai, China), the samples were photographed by TEM (HT7700, 
Hitachi) to visualize neurons and myelin sheaths in the injured area after TBI.

In vivo safety assessment of scaffolds
To verify their compatibility in vivo, the scaffolds were implanted into the 
TBI injury cavity of rats and the histomorphology of the heart, lung, liver, 
spleen, and kidney were assessed at 1 and 2 months after TBI by HE staining 
(Servicebio). Plasma alanine transaminase, aspartate aminotransferase, blood 
urea nitrogen, and creatinine were determined by blood biochemistry tests at 
1 and 3 days after TBI.

Statistical analysis
The experimenter was blinded to the groups and serial numbers of the 
animals during the experiments and statistical analysis, and the analysis 
and experimental groups were assigned by another person. We did not use 
statistical methods to pre-estimate the sample size, but the sample size was 
determined with reference to a previous study (Liu et al., 2020). Data are 
presented as mean ± standard deviation. Groups were compared using two-
sample t-tests or one-way analyses of variance followed by Student-Newman-
Keuls tests. The data were analyzed using SPSS 18.0 statistical software 
(SPSS, Chicago, IL, USA) and P < 0.05 was considered to indicate statistical 
significance.

Results
Isolation and identification of NSCs from rats
NSCs were isolated from E14 rat brains. There were no differences in 
the morphology of NSCs with or without IGF-1 pretreatment under light 
microscopy (Figure 1A), and the NSC marker nestin was expressed in cultured 
NSCs with/without IGF-1 pretreatment in IF experiments (Figure 1B).

Characteristics of exosomes from NSCs after IGF-1 pre-stimulation
To confirm the effect of INExos on TBI, exosomes in supernatant from NSCs 
with or without IGF-1 pre-stimulation were obtained by ultracentrifugation 
and were confirmed by TEM, NTA, and WB analyses. TEM showed 
homogeneous, spherical, and membrane vesicles of NExos and INExos (Figure 
1C). NTA indicated a size distribution of 50–200 nm, with average diameters 
of 144.3 nm for NExos and 138.9 nm for INExos (Figure 1D). Exosomal surface 
markers, including CD9 and CD63, were expressed in NExos and INExos 
using WB (Figure 1E). Furthermore, there was no difference in exosome 
concentrations in samples derived from NSCs with or without IGF-1 (P > 
0.05). These results suggested that NExos and INExos were similar in terms 
of morphology, particle size, and proteins, indicating that IGF-1 pretreatment 
had no effect on the exosomal profile of NSCs.

Morphology, microstructure, and properties of 3D-CC-INExos scaffolds
The morphological characteristics of the 3D-printed scaffolds were observed 
by HE staining, scanning electron microscopy, and CLSM (Figure 2A–F). 
The morphology was homogeneous according to HE staining (Figure 2B). 
Scanning electron microscopy showed that the surfaces of the 3D-printed 
scaffolds were rough and porous (Figure 2C and D), providing an advantage 
for cell adhesion. Exosomes adhered efficiently to the scaffolds (Figure 2E–
G). The scaffold materials are required to have an appropriate degradation 
rate. We therefore assessed the degradation rates of scaffolds with five 
different collagen/chitosan mass ratios (16:1, 8:1, 1:1, 1:8, and 1:16) in vivo 
(Figure 2H). The 16:1 and 8:1 scaffolds showed fast degradation (2 weeks), 
indicating that they would be unable support the damaged area during the 
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repair process, while the 3D scaffolds with mass ratios of 1:8 and 1:16 had 
not degraded after 8 weeks, which would result in long-term foreign body 
residue, which is also not conducive to damage repair. However, 3D-printed 
scaffolds with a mass ratio of 1:1 were degraded after 4 weeks, which 
indicated a suitable degradation rate for our study, and scaffolds with a mass 
ratio of 1:1 were therefore chosen for subsequent experiments. The water 
absorption and porosity ratios of the scaffolds are key features for supporting 
tissue regeneration. Both these ratios were better for 3D-printed scaffolds 
than for ordinary scaffolds by freeze-drying technique (Figure 2I and J). We 
also analyzed the release profiles of exosomes in CC-INExos and 3D-CC-INExos 
scaffolds. 3D-CC-INExos scaffolds showed sustained exosome release for up 
to 14 days, and > 80% of the unobstructed loaded exosomes were released 
(Figure 2K). IF indicated that exosomes released from scaffolds could be 
phagocytosed by NSCs (Figure 2L).

3D-CC-INExos scaffolds exhibit favorable cytocompatibility and promote 
neural differentiation of NSCs in vitro
NSCs cocultured with 3D-CC-INExos scaffolds showed better cell adhesion 
than NSCs cocultured with 3D-CC-NExos scaffolds after coculture for 12 hours 
(P < 0.05; Figure 3A), and the proliferative capacity of NSCs cocultured with 
3D-CC-INExos scaffolds was stronger than that of NSCs cocultured with 3D-CC-
INExos scaffolds after 3 days of coculture (P < 0.05; Figure 3B). It is important 
to maintain the stemness, normal differentiation, and axonal growth of NSCs 
during the repair process. The fluorescently labelled phalloidin-dye conjugate 
clearly showed the morphology and distribution of microfilaments in NSCs 
under CLSM, and the F-actin-positive area was significantly higher in the 
3D-CC-INExos compared with the 3D-CC-NExos scaffold group (Figure 3C). 
Furthermore, the NF-, GAP43-, and NeuN-positive areas were significantly 
larger in the 3D-CC-INExos compared with the 3D-CC-NExos scaffold group 
(Figure 3D–F). However, GFAP, as a marker of astrocyte activation, was 
significantly decreased in the 3D-CC-INExos group compared with the 3D-CC-

NExos group (Figure 3G). These results demonstrate that 3D-CC-INExos 
could facilitate neural differentiation of NSCs while inhibiting astrocyte 
differentiation compared with 3D-CC-NExos.

Implanting 3D-CC-INExos further promotes recovery from TBI-induced 
motor and cognitive deficits
To determine how 3D-printed scaffolds affected TBI-induced cognitive function, 
rats implanted with the different scaffolds were subjected to the Morris 
water maze test and the escape latency, quadrant-dwell time, and platform 
crossing were analyzed. Learning ability was detected during the spatial-
learning phase from days 21–26 post-surgery (Figure 4A). The escape latency 
became progressively shorter after training in the sham, TBI, 3D-CC-NExos, and 
3D-CC-INExos groups (Figure 4B). Rats in the three experimental groups spent 
significantly more time searching for the hidden platform than sham rats (P < 
0.05). However, the escape latency was markedly shorter in the 3D-CC-INExos 
group compared with the 3D-CC-NExos (P < 0.05) and TBI groups (P < 0.01). 
The number of site crossings and proportion of time in the target zone were 
greater in rats from the three experimental groups compared with sham rats (P 
< 0.05) (Figure 4C and D). Rats in the 3D-CC-INExos group showed significant 
improvements in the number of site crossings and proportion of time in the 
target zone compared with both the TBI and 3D-CC-NExos groups (P < 0.05) 
(Figure 4C and D), suggesting that implantation of the 3D-CC-INExos scaffold 
improved learning and memory abilities. Motor coordination and sensory 
abilities were assessed using the modified neurological severity scores (Figure 
4E). The modified neurological severity score in the sham-operated group 
was almost zero, while rats in the other three groups achieved high scores on 
the first postoperative day, indicating severe impairment. Compared with the 
TBI and 3D-CC-NExos groups, rats in the 3D-CC-INExos group showed a more 
significant downward trend on postoperative day 28 (P < 0.05), indicating 
that implantation of 3D-CC-INExos scaffolds in damaged areas after TBI could 
significantly improve motor coordination and sensory performance.

Figure 1 ｜ Identification of NSCs and characteristics of exosomes from NSCs. 
(A) Morphology of NSCs with or without IGF-1 pretreatment under a light microscope. Scale bar: 50 µm. (B) Immunofluorescence staining images of nestin (green) in NSCs 
with or without IGF-1 pretreatment. Scale bar: 50 µm. (C) Morphology of exosomal structures observed by transmission electron microscopy. Scale bar: 50 nm. (D) Particle size 
distribution of exosomes measured by nanoparticle tracking analysis. (E) Exosomal markers detected by western blot analyses. (F) Exosome concentrations of NExos and INExos. 
DAPI: 4′,6-Diamidino-2-phenylindole; IGF-1: insulin-like growth factor 1; NSCs: neural stem cells. NExos: Exosomes extracted from supernatant of NSCs cultured in ordinary complete 
medium; IGF-1-NExos (INExos): exosomes extracted from supernatant of NSCs cultured in ordinary complete medium supplemented with IGF-1.

Figure 2 ｜ Characteristics of 3D-CC-INExos scaffolds. 
(A) Shape of 3D-CC-INExos scaffolds. (B) 3D-CC-INExos scaffolds shown by hematoxylin and eosin staining. Scale bar: 50 µm. (C, D) Structure of 3D-CC-INExos scaffolds by SEM 
micrographs (D is enlarged image of white box in C). Scale bars: 500 µm in C, 100 µm in D. (E) SEM micrographs showing exosomes (red arrows) adhered to 3D-CC-INExos scaffolds. 
Scale bar: 1 µm. (F, G) Immunofluorescence staining images revealed distribution of exosomes in scaffolds. Scale bars: 50 µm. (H) Degradation time curves of scaffolds with different 
ratios. (I, J) Water absorption (I) and porosity ratios (J) of scaffolds. (K) Cumulative release curves of exosomes from scaffolds within 14 days. (L) IF images showing exosomes labeled 
with PKH26 (red) released from scaffolds phagocytosed by NSCs (F-actin, green). Scale bars: 50 µm. *P < 0.05, **P < 0.01, vs. CC; #P < 0.05, ##P < 0.01, vs. CC-INExos (two-sample t-tests 
or one-way analyses of variance followed by Student-Newman-Keuls tests; experiment repeated five times). Four kinds of scaffolds were used: collagen/chitosan (CC), 3D-printed 
collagen/chitosan (3D-CC), 3D-printed collagen/chitosan/NExos (3D-CC-NExos), and 3D-printed collagen/chitosan/INExos scaffolds (3D-CC-INExos). NExos: exosomes extracted 
from supernatant of NSCs cultured in ordinary complete medium; IGF-1-NExos (INExos): exosomes extracted from supernatant of NSCs cultured in ordinary complete medium 
supplemented with IGF-1. DAPI: 4′,6-Diamidino-2-phenylindole; NSCs: neural stem cells; IGF-1: insulin-like growth factor 1; SEM: scanning electron microscopy. 
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Figure 3 ｜ Good biocompatibility of 3D-CC-INExos scaffolds and effects on neural differentiation of NSCs. 
(A) Cell adhesion rate of NSCs cocultured with scaffolds. (B) Proliferative capacity of NSCs cocultured with scaffolds. (C–G) Typical images of F-actin (green) (C), NF (green) (D), GAP43 
(red) (E), NeuN (yellow) (F), and GFAP (green) (G) after coculture of NSCs with 3D-CC-NExos and 3D-CC-INExos. Scale bars: 50 µm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, 
vs. 3D-CC-NExos (two-sample t-tests or one-way analyses of variance followed by Student-Newman-Keuls tests; experiments repeated five times). 3D-CC-NExos: 3D-printed collagen/
chitosan/NExos; 3D-CC-INExos: 3D-printed collagen/chitosan/INExos scaffolds. NExos: Exosomes extracted from supernatant of NSCs cultured in ordinary complete medium; IGF-1-
NExos (INExos): exosomes extracted from supernatant of NSCs cultured in ordinary complete medium supplemented with IGF-1. DAPI: 4′,6-Diamidino-2-phenylindole; GAP43: growth 
associated protein-43; GFAP: glial fibrillary acidic protein; IGF-1: insulin-like growth factor 1; NeuN: neuronal nuclear protein; NF: neurofilament. 
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Figure 4 ｜ Implantation of 3D-CC-INExos scaffolds 
improves cognitive function in rats after TBI.
(A) Typical swimming path in spatial-learning phase 
26 days after TBI. (B) Escape latency analyzed in the 
spatial-learning stage. (C) Number of site crossings in 
the spatial-memory stage. (D) Proportion of time in the 
target zone in the spatial-memory stage. (E) mNSS at 1, 
3, 7, 14, 21, and 28 days after TBI. Data are presented 
as mean ± SD. *P < 0.05, **P < 0.01, vs. TBI; #P < 0.05, 
##P < 0.01, vs. 3D-CC-NExos (two-sample t-tests or one-
way analyses of variance followed by Student-Newman-
Keuls tests; experiments repeated five times). 3D-CC-
NExos: 3D-printed collagen/chitosan/NExos; 3D-CC-
INExos: 3D-printed collagen/chitosan/INExos scaffolds. 
NExos: Exosomes extracted from supernatant of NSCs 
cultured in ordinary complete medium; IGF-1-NExos 
(INExos): exosomes extracted from supernatant of NSCs 
cultured in ordinary complete medium supplemented 
with IGF-1. TBI: Traumatic brain injury.

Implanting 3D-CC-INExos improves brain tissue regeneration and nerve 
repair in damaged areas
To assess the reparative effects of the scaffolds in the damaged area, we 
compared the general appearance of the damaged area in the model and the 
development of new tissue 2 months after TBI by HE, silver, and Nissl staining. 
There was no loss of brain tissue and no obvious changes in cell morphology 
in the sham group. However, the damaged tissue was obviously repaired 
better in the 3D-CC-INExos group compared with the other two experimental 
groups, based on the general appearance (Figure 5A). Rats in the TBI group 
showed massive tissue loss evident from the general appearance, and 
HE staining showed few regenerated cells (Figure 5B and C). In contrast, 
rats in the 3D-CC-NExos and 3D-CC-INExos groups showed obvious brain 
tissue regeneration in terms of overall appearance, and HE staining showed 
regenerated cells in the injured area in the 3D-CC-INExos group. The 
regenerative effect of 3D-CC-INExos was better than that of 3D-CC-NExos for 
TBI. The extent of Bielschowsky’s silver staining was significantly wider in the 
3D-CC-INExos and 3D-CC-NExos groups than in the TBI group (P < 0.01; Figure 
5D and E). These results indicated that the 3D-printed scaffolds improved 
brain tissue repair. In addition, the number of nerve fibers in the injured area 
was significantly greater in the 3D-CC-INExos group than in the 3D-CC-NExos 
group (P < 0.01). Similarly, Nissl bodies, as neuronal markers, were denser and 
more widely distributed in the injured area in the 3D-CC-INExos group (P < 
0.01; Figure 5F and G). These results demonstrated that implantation of the 
3D-CC-INExos scaffold had a better effect than the 3D-CC-NExos scaffold on 
the regeneration of nerve fibers and neurons after TBI.

Implanting 3D-CC-INExos increases recruitment of endogenous NSCs and 
improves nerve tissue regeneration after TBI
We investigated nerve regeneration of TBI after treatment with 3D-CC-INExos 
using IF and TEM. IF using an antibody against the NSC marker nestin revealed 
significantly more NSCs in the damaged area in the 3D-CC-INExos group (P < 
0.01; Figure 6A and B), indicating that 3D-CC-INExos scaffolds could recruit 
NSCs to the injured area after TBI. IF was also carried out using NF, MBP, and 
NeuN antibodies to assess the regeneration of nerve fibers, myelin sheaths, 
and mature neurons in the injured area at 2 months post-injury, respectively 
(Figure 7A). Implantation of the 3D-CC-INExos scaffold in the injured area 
increased the numbers of nerve fibers, myelin sheaths, and mature neurons 

compared with the 3D-CC-NExos scaffold (P < 0.05; Figure 7B–D). We further 
assessed the effect of the scaffolds on synapse formation by dual IF labelling 
with specific markers (MAP2 and SYP). MAP2- and SYP-positive cells were 
significantly increased in the 3D-CC-INExos compared with the TBI and 3D-CC-
NExos groups (Figure 7E–G). In conclusion, these results demonstrate that 
implantation of a 3D-CC-INExos scaffold could enhance neural regeneration 
after TBI. Finally, we observed the neuronal structures, number of axons, and 
diameter and thickness of the myelin sheath in the injured area 2 months 
after TBI using TEM (Figure 7H), which showed that implantation of the 
3D-CC-INExos scaffold not only ameliorated neuronal structures but also 
increased the diameter and thickness of the myelin sheath.

3D-CC-INExos scaffold improves angiogenesis and inhibits inflammation 
and apoptosis in the injured area after TBI
We evaluated the effects of the scaffolds on angiogenesis, inflammation, and 
apoptosis in the injured area 2 months after TBI by IF and TUNEL staining. 
More cells expressing CD31 and α-SMA (specific markers of angiogenesis) 
were found in the injured area of 3D-CC-INExos compared with TBI and 
3D-CC-NExos (Figure 8A). These data suggest that implanting 3D-CC-INExos 
could improve angiogenesis. In addition, expression of CD68 and Iba-1 in the 
lesion area was decreased in the 3D-CC-INExos group (Figure 8B), indicating 
that 3D-CC-INExos treatment further suppressed inflammation, and fewer 
TUNEL-positive signals were captured in the 3D-CC-INExos scaffold group 
(Figure 8C). These results suggest that 3D-CC-INExos scaffolds could further 
enhance angiogenesis while suppressing inflammation and inhibiting cell 
apoptosis in the lesion area.

Histocompatibility of scaffolds in vivo
Exosomes have demonstrated excellent biocompatibility; however, we further 
examined the tolerance to the scaffolds in vivo. The scaffolds were implanted 
into the TBI injury cavity of rats. HE staining showed no pathological 
abnormalities in the heart, lung, liver, spleen, or kidney in the TBI, 3D-CC-
NExos, and 3D-CC-INExos groups compared with the sham group (Figure 
9A). Hematological analysis also showed no significant differences in liver 
and kidney functional indicators in the scaffold groups compared with the 
sham group (Figure 9B). These results suggested that the scaffolds were 
biocompatible in vivo.
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Figure 5 ｜ Tissue regeneration and reparative ability of scaffolds in vivo 2 months after TBI.
(A) General images of damaged area in the TBI model. (B) Representative hematoxylin and eosin (HE) staining images of damaged area in sham, TBI, 3D-CC-NExos, and 3D-CC-INExos 
groups. Middle image is enlarged image of green box in left-hand image; right-hand image is enlarged image of red box in middle image. (C) Quantitative statistical analysis of HE 
staining. (D) Representative Bielschowsky’s silver staining images of damaged area in sham, TBI, 3D-CC-NExos, and 3D-CC-INExos groups. Middle image is enlarged image of green box 
in left-hand image; right-hand image is enlarged image of red box in middle image. (E) Quantitative statistical analysis of Bielschowsky’s silver staining. (F) Representative Nissl staining 
images of damaged area in sham, TBI, 3D-CC-NExos, and 3D-CC-INExos groups. (G) Quantitative statistical analysis of Nissl staining. Middle image is enlarged image of green box in 
left-hand image; right-hand image is enlarged image of red box in middle image. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, vs. TBI; #P < 0.05, ##P < 0.01, vs. 3D-CC-
NExos (two-sample t-tests or one-way analyses of variance followed by Student-Newman-Keuls tests; experiments repeated five times). 3D-CC-NExos: 3D-printed collagen/chitosan/
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Figure 6 ｜ IF analysis of NSC recruitment in damaged area 
2 months post-injury. 
(A) Typical IF images of nestin (green) in the lesion area in 
sham, TBI, 3D-CC-NExos, and 3D-CC-INExos groups. Middle 
image is enlarged image of white box in left-hand image; 
right-hand image is enlarged image of white box in middle 
image; image below is enlarged image of white box in right-
hand image. (B) Quantitative analysis of nestin-positive cells 
in lesion area in each group. Data are presented as mean 
± SD. **P < 0.01 vs. TBI; ##P < 0.01 vs. 3D-CC-NExos (two-
sample t-tests or one-way analyses of variance followed by 
Student-Newman-Keuls tests; experiments repeated five 
times). 3D-CC-NExos: 3D-printed collagen/chitosan/NExos; 
3D-CC-INExos: 3D-printed collagen/chitosan/INExos scaffolds. 
NExos: Exosomes extracted from supernatant of NSCs 
cultured in ordinary complete medium; IGF-1-NExos (INExos): 
exosomes extracted from supernatant of NSCs cultured in 
ordinary complete medium supplemented with IGF-1. IF: 
Immunofluorescence staining; TBI: traumatic brain injury.

Discussion
In this study, we investigated the use of 3D-printed collagen/chitosan 
scaffolds loaded with exosomes derived from NSCs pretreated with IGF-
1 (3D-CC-INExos) to bridge injured areas and improve functional recovery 
after TBI in SD rats. We evaluated the effect of scaffold transplantation 2 
months post-injury. We first assessed the tissue-regenerative effects of the 
3D-CC-INExos scaffolds using HE, Bielschowsky’s silver, and Nissl staining, IF, 
and TEM, and then evaluated the effect of scaffold transplantation on the 
functional recovery of rats after TBI. Finally, we assessed the local effects and 
systemic histocompatibility of the scaffolds. The results indicated that 3D-CC-

INExos implantation promoted the recovery of motor and cognitive deficits, 
improved brain tissue regeneration and nerve repair, increased angiogenesis, 
and reduced local inflammation and cell apoptosis in the injured area after 
TBI, suggesting that implanting 3D-CC-INExos scaffolds may be a suitable 
treatment for TBI. As an experimental study, these results successfully 
validated the effectiveness of 3D-CC-INExos for TBI repair by examining the 
actual therapeutic effects, such as the restoration of neurological, behavioral, 
and cognitive functions. Coupling collagen with chitosan can inhibit the rapid 
degradation of collagen and ameliorate its mechanical strength, and enhance 
the biocompatibility of chitosan, suggesting that this combination is a reliable 
carrier for low-temperature 3D-printed scaffolds (Suo et al., 2021).
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Figure 7 ｜ Regeneration of nerve fibers, myelin sheaths, and axons 2 months post-injury.
(A) Typical IF images of NF (green), MBP (red), and NeuN (pink) in lesion area in sham, TBI, 3D-CC-NExos, and 3D-CC-INExos groups. Middle image is enlarged image of white box in 
left-hand image; right-hand image is enlarged image of white box in middle image; image below is enlarged image of white box in right-hand image. (B–D) Quantification of NF- (B), 
MBP- (C), and NeuN- (D) positive cells in lesion area in each group. (E) Typical IF images of MAP2 (green) and SYP (red) in lesion area in sham, TBI, 3D-CC-NExos, and 3D-CC-INExos 
groups. Middle image is enlarged image of white box in left-hand image; right-hand image is enlarged image of white box in middle image; image below is enlarged image of white 
box in right-hand image. (F–G) Quantification of MAP2- (F) and SYP-positive (G) cells in lesion area in each group. (H) Typical TEM images of lesion area in each group. Scale bars: 
500 nm in H. Data are presented as mean ± SD. **P < 0.01, vs. TBI; #P < 0.05, ##P < 0.01, vs. 3D-CC-NExos (two-sample t-tests or one-way analyses of variance followed by Student-
Newman-Keuls tests; experiments repeated five times). 3D-CC-NExos: 3D-printed collagen/chitosan/NExos; 3D-CC-INExos: 3D-printed collagen/chitosan/INExos scaffolds. NExos: 
Exosomes extracted from supernatant of NSCs cultured in ordinary complete medium; IGF-1-NExos (INExos): exosomes extracted from supernatant of NSCs cultured in ordinary 
complete medium supplemented with IGF-1. DAPI: 4′,6-Diamidino-2-phenylindole; IF: Immunofluorescence staining; MAP2: microtubule-associated protein 2; MBP: myelin basic 
protein; NeuN: neuronal nuclear protein; NF: neurofilament; SYP: synaptophysin; TBI: traumatic brain injury.

Collagen/chitosan scaffolds combined with IGF-1-pretreated NSC-exosomes 
under low-temperature 3D-printing not only ensured exosome activity, but 
also enabled the continuous release and detection of exosomes from the 
3D-CC-INExos scaffolds for up to 14 days in vitro. Exosomes have diverse 
compositions, including proteins, miRNAs, and mRNAs, giving them unique 
properties that mediate cell-to-cell communication and interactions, and 
they play a significant role in the regeneration of NSCs (Zhang et al., 2021c; 
Kimiz-Gebologlu and Oncel, 2022). The growth hormone-IGF-1 system plays 
a key role in regulating adult neurogenesis, brain plasticity, and cell survival 
(Szarka et al., 2021), with a direct or mediated effect through its downstream 
hormone IGF-1 (Tenuta et al., 2021). Furthermore, high serum IGF-1 levels 
were shown to improve white matter and memory recovery after TBI (Feeney 
et al., 2017). IGF-1 modulated adult neurogenesis, brain plasticity, and cell 
survival (LLorens-Martin et al., 2009) and improved white matter recovery and 
memory improvement after TBI, but the mechanism remains unclear (Bianchi 
et al., 2017). The current results demonstrated that the effect of IGF-1 on 
neural regeneration after TBI is mediated in part by stimulating the release of 
exosomes from NSCs.

This study had several limitations. First, this was an animal study conducted in 
rats, and the body structure and function of rats differ from those of humans. 
In addition, the mechanisms of the 3D-CC-INExos scaffold in NSC proliferation, 
migration, and differentiation have not been elucidated, and the mechanisms 

underlying its effects on neural regeneration and neuroprotection have also 
not been revealed. 

In conclusion, implanting 3D-CC-INExos scaffolds could increase the 
recruitment of endogenous NSCs, improve neural regeneration, ameliorate 
angiogenesis, and inhibit inflammation and apoptosis, thus improving 
neurological functional recovery after TBI.
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Figure 8 ｜ Angiogenesis, inflammation, and 
apoptosis in the injured area 2 months post-
injury. 
(A) Typical IF images of angiogenesis markers CD31 
(green) and α-SMA (red) in lesion area in sham, 
TBI, 3D-CC-NExos, and 3D-CC-INExos groups. 
Middle image is enlarged image of white box in 
left-hand image; right-hand image is enlarged 
image of white box in middle image; image below 
is enlarged image of white box in right-hand image. 
(B) Typical immunofluorescence staining images 
of inflammatory markers CD68 (green) and Iba-
1 (red) in lesion area in sham, TBI, 3D-CC-NExos, 
and 3D-CC-INExos groups. Right-hand image is 
enlarged image of white box in left-hand image. 
(C) Typical images of TUNEL staining (green) for 
apoptosis in lesion area in sham, TBI, 3D-CC-NExos, 
and 3D-CC-INExos groups. Right-hand image is 
enlarged image of white box in left-hand image. 
3D-CC-NExos: 3D-printed collagen/chitosan/NExos; 
3D-CC-INExos: 3D-printed collagen/chitosan/
INExos scaffolds. NExos: Exosomes extracted from 
supernatant of NSCs cultured in ordinary complete 
medium; IGF-1-NExos (INExos): exosomes extracted 
from supernatant of NSCs cultured in ordinary 
complete medium supplemented with IGF-1. 
α-SMA: Alpha smooth muscle actin; Iba1: ionized 
calcium binding adaptor molecule 1; TUNEL: 
terminal deoxynucleotidyl transferase dUTP nick-
end labeling; DAPI: 4′,6-diamidino-2-phenylindole.

Figure 9 ｜ Biocompatibility of 
scaffolds in vivo.  
(A) Representative HE staining 
of the heart, lung, liver, spleen, 
and kidney in sham, TBI, 3D-CC-
NExos, and 3D-CC-INExos groups 
1 month after TBI and 2 months 
post-injury. Scale bar: 100 µm. 
(B) ALT, AST, BUN, and CR levels. 
Data are presented as mean ± 
SD. Experiments repeated five 
times. 3D-CC-NExos: 3D-printed 
collagen/chitosan/NExos; 3D-CC-
INExos: 3D-printed collagen/
chitosan/INExos scaffolds. 
NExos: Exosomes extracted 
from supernatant of NSCs 
cultured in ordinary complete 
medium; IGF-1-NExos (INExos): 
exosomes extracted from 
supernatant of NSCs cultured 
in ordinary complete medium 
supplemented with IGF-1. ALT: 
Alanine transaminase; AST: 
aspartate aminotransferase; 
BUN: blood urea nitrogen; CR: 
creatinine. 
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