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Abstract
Background  Exosome-based therapeutics have garnered significant attention for intracerebral hemorrhage (ICH) 
treatment due to their capacity to regulate metabolic dysregulation, restore cellular homeostasis, and modulate the 
injury microenvironment via bioactive cargoes such as microRNAs and proteins. However, rapid systemic clearance 
and enzymatic degradation critically limit their therapeutic efficacy. To address this challenge, we engineered a three-
dimensional (3D) bioprinted scaffold capable of encapsulating and sustaining the release of human umbilical cord 
mesenchymal stem cell-derived exosomes (hUCMSC-exos).

Methods  Based on previous research [1–3], the scaffold was composed of a decellularized brain matrix (dECM), 
gelatin-methacryloyl (GelMA), and silk fibroin (SF) crosslinked with a photoinitiator. hUCMSC-exos were precisely 
incorporated via extrusion-based 3D bioprinting. Release kinetics were assessed via in vitro elution and in 
vivo imaging. An ICH rat model received stereotaxic implantation of the exosome-laden scaffold (dECM@exo). 
Neuroinflammatory markers (IL-6, TNF-α, IL-10) and apoptotic activity (JC-1, Annexin V/PI, TUNEL) were quantified. 
Neurological outcomes were longitudinally evaluated using the modified Longa scale, Bederson scoring, and 
sensorimotor tests (rotarod, forelimb placement) at 1, 4, 7 and 14 days post-ICH.

Results  dECM@exo demonstrated sustained exosome release over 14 days, significantly promoting neural tissue 
regeneration while attenuating perihematomal edema. Mechanistically, the scaffold modulated pathological MMP 
activity and inflammatory cytokine expression, thereby restoring extracellular matrix homeostasis and reducing 
neuronal apoptosis.

Conclusions  The findings demonstrate that the 3D biological scaffold dECM@exo effectively maintains 
microenvironmental homeostasis in the early stages of ICH and improves outcomes associated with the condition. 
dECM@exo is poised to serve as a robust platform for drug delivery and biotherapy in ICH treatment, offering a viable 
alternative for managing this condition.
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Introduction
Intracerebral hemorrhage (ICH), a devastating neurolog-
ical emergency characterized by high mortality and dis-
ability rates, imposes profound socioeconomic burdens 
worldwide [1]. Survivors frequently endure persistent 
motor dysfunction, cognitive deficits, and speech impair-
ments, with up to 50% requiring long-term rehabilitation 
[2, 3]. While primary mechanical injury caused by hema-
toma expansion accounts for immediate damage, accu-
mulating evidence underscores that secondary injury 
cascades—triggered by neuroinflammation, oxidative 
stress, and blood-brain barrier (BBB) disruption—drive 
progressive neuronal loss and functional deterioration, 
even in the absence of hematoma enlargement [4–6]. 
Despite advances in surgical evacuation and anti-edema 
therapies, molecular mechanisms governing these sec-
ondary pathways remain incompletely elucidated, neces-
sitating innovative strategies to modulate the post-ICH 
microenvironment [7–9].

Mesenchymal stem cell (MSC) transplantation has 
emerged as a promising therapeutic avenue for stroke 
recovery, leveraging their multipotent differentiation, 
immunomodulatory properties, and paracrine signal-
ing [10–12]. However, clinical translation is hampered 
by risks of tumorigenicity, immune rejection, and poor 
engraftment efficiency [13]. Crucially, MSC-derived 
extracellular vesicles (EVs), particularly exosomes (30–
150  nm), have demonstrated comparable therapeutic 
efficacy to parent cells by mediating intercellular com-
munication via cargo transfer of microRNAs, proteins, 
and growth factors [14, 15]. Human umbilical cord MSC-
derived exosomes (hUCMSC-exos) exhibit neuroprotec-
tive, anti-apoptotic, and anti-inflammatory effects in ICH 
models, attributed to their BBB permeability and capac-
ity to regulate extracellular matrix (ECM) remodeling 
[16–19]. Recent studies further highlight MSC-exosome-
mediated suppression of NLRP3 inflammasome activa-
tion and microglial M1 polarization, positioning them as 
potent modulators of neuroinflammation [20–22].

Despite these advantages, clinical implementation of 
exosome therapy faces critical challenges. First, the short 
half-life (< 6  h) and rapid clearance of free exosomes 
necessitate repeated intracranial injections—an impracti-
cal approach given the risks of iatrogenic injury [23, 24]. 
Second, conventional carriers (e.g., liposomes, synthetic 
polymers) often exhibit cytotoxicity, suboptimal bio-
compatibility, or mismatched degradation kinetics with 
neural repair processes [25]. Decellularized extracellular 
matrix (dECM)-based biomaterials present a compelling 
solution, as they preserve native tissue-specific biochem-
ical cues (e.g., glycosaminoglycans, fibronectin) while 

eliminating immunogenic cellular components [26–28]. 
dECM hydrogels have demonstrated success in osteoar-
thritis and myocardial repair by promoting site-specific 
cell homing and ECM deposition [29–31]. Their inject-
able form and species-independent tolerance further 
enhance suitability for central nervous system applica-
tions [32, 33].

Photocrosslinkable hydrogels, notably gelatin-meth-
acryloyl (GelMA) and silk fibroin (SF) composites, have 
revolutionized neural tissue engineering by enabling 
minimally invasive delivery, spatiotemporal control of 
therapeutic release, and structural mimicry of brain ECM 
[34–36]. Preclinical studies reveal that such hydrogels 
attenuate glial scarring, enhance endogenous neuro-
genesis, and support axonal regrowth in stroke models 
[37–39]. However, unresolved challenges persist: (1) 
host immune responses to synthetic crosslinkers (e.g., 
genipin) may exacerbate neuroinflammation [40]; (2) 
mismatched mechanical properties between implants 
and brain parenchyma (∼0.1-1  kPa) hinder integration 
[41]; and (3) most scaffolds fail to replicate the hierarchi-
cal architecture of native neural ECM [42].

Decellularization involves the removal of cellular and 
nuclear components from tissues or organs to prevent 
initial immune responses while preserving the structure 
and composition of the natural ECM [40, 41]. The result-
ing acellular tissue can exist as a porous solid, be ground 
into powder, or be gelatinized into a hydrogel. Well-pre-
served acellular ECMs contain comparable concentra-
tions and proportions of glycosaminoglycans (GAGs), 
fibronectin, and adhesion proteins, which can stimulate 
regenerative responses specific to the tissue or organ 
[42]. Additionally, given the conserved nature of these 
molecules across species, heterologous receptors exhibit 
good tolerance to dECM [43]. The injectable form of 
dECM is particularly well-suited for central nervous sys-
tem applications, such as nerve regeneration [44–45].

To address these limitations, on the basis of the origi-
nal research [1, 2], we engineered a 3D bioprinted scaf-
fold synergizing dECM’s bioactivity with photocurable 
GelMA/SF’s tunable mechanics. This platform, termed 
dECM@exo, encapsulates hUCMSC-exos via extru-
sion-based bioprinting to achieve sustained exosome 
release while mimicking the brain’s native viscoelasticity 
(∼2  kPa). Using a collagenase IV-induced striatal ICH 
model, we evaluated dECM@exo’s capacity to mitigate 
neuroinflammation, suppress MMP-9-mediated ECM 
degradation, and restore neurological function. Our find-
ings establish dECM@exo as a multifunctional theranos-
tic platform that synchronizes exosome delivery with 
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microenvironmental reprogramming, offering a transfor-
mative strategy for ICH management (Scheme 1).

Materials and methods
All experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee (Approval 
No. 2024-R190) and conducted in accordance with NIH 
guidelines.

Materials
Deoxyribonuclease I (DNase I, bovine pancreas; DN25, 
CAS 9003-98-9) and Ribonuclease A (V900498, CAS 
9001-99-4) were procured from Sigma-Aldrich. Gelatin 
methacrylate (GelMA, A2033, CAS 9005-38-3; medium 
viscosity), pepsin (P0103, CAS 9001-75-6), and analyt-
ical-grade reagents were obtained from TCI Develop-
ment. Gelatin (AC08BA0009, CAS 9000-70-8; Bloom 
index: 240–270) was purchased from Sangon Biotech.

Decellularized brain matrix (dECM) Preparation
Male Sprague-Dawley rats aged 10 to 12 weeks were 
maintained in a controlled environment at 25  °C with a 
12-hour light-dark cycle. The rats weighed between 250 

and 300 g and had free access to food and water. Brain tis-
sues were harvested through a detailed decellularization 
process involving low-osmotic treatment with 0.1 mM 
phenylmethylsulfonyl fluoride (PMSF) for 24 h, followed 
by sequential treatment with 0.1% sodium dodecyl sulfate 
(SDS) for 24 h, 1% Triton X-100 for 48 h, and enzymatic 
treatments with a nuclease mixture (DNase and RNase 
for 12 h) and 5% peracetic acid for 2 h. The processed tis-
sue was lyophilized and sterilized using gamma irradia-
tion before storage.

Characterization of dECM
Both native and decellularized rat brain tissues were 
characterized using electron microscopy and histologi-
cal techniques. Scanning electron microscopy (SEM) 
(GeminiSEM 300, Zeiss) was employed after gold plating 
to assess the cross-sectional morphology of native and 
dECM samples. DNA quantification was performed uti-
lizing a Genomic DNA Kit (TIANGEN, Beijing, China), 
with concentrations measured at 260 nm using a micro-
plate spectrophotometer (Thermo Fisher Scientific, 
USA). Hematoxylin and eosin (HE) staining and Mas-
son staining were used to evaluate cell distribution, while 

Scheme 1  dECM@exo synthesis and its mechanism for treating ICH
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Sirius red staining quantified proteoglycan and collagen 
distribution. Total collagen content was assessed using a 
collagen detection kit (ab222942, Abcam).

Preparation of Bioink
Freeze-dried dECM was milled in liquid nitrogen. A 
total of 100 mg of dECM powder was digested in 3 mL of 
0.01 M hydrochloric acid (pH 2.0) with 45 mg of pepsin 
for 24 h. Circular dichroism (CD) spectroscopy was used 
to evaluate the effects of hydrochloric acid on dECM, 
scanning from 190 to 260 nm. The pH of the dECM solu-
tion was then adjusted from 3.3 to 3.6 to 7.0–7.2 using 
10  M NaOH. A 15% (w/v) gelatin and 3% (w/v) silk 
fibroin mixture was dissolved in 3 mL of distilled water 
at 55 °C for 30 min, then combined with the pH-adjusted 
dECM solution, pasteurized, resulting in a 3D biological 
ink.

Rheological characterization of Bioink
The rheological properties of the bioink were assessed 
using a rotational rheometer (Malvern Kinexus Ultra+) 
with 25  mm diameter plates. Viscosity comparisons 
between bioink and dECM hydrogel were performed 
over a temperature range of 0°C to 50°C using strain 
sweep analysis. The amplitude sweep analyzed strain-
dependent storage modulus (G’) and loss modulus (G”) 
over a strain range of 0.01–100 at a frequency of 10% rad 
s − 1, with all measurements repeated in triplicate.

Microarchitecture of Bioink
The surface ultrastructure of the bioink was analyzed via 
SEM. The bioink was freeze-dried, fixed in 2.5% glutaral-
dehyde overnight at 4  °C, washed with PBS, dehydrated 
with graded ethanol, and gold sputter coated for observa-
tion on a JSM-5600LV SEM.

Biocompatibility of Bioink
Subcutaneous injections of 400 µL of bioink were admin-
istered to the backs of 10-week-old Sprague-Dawley 
rats. Grafts were harvested at 1, 2, 4, and 8 weeks post-
injection and subsequently embedded in paraffin for HE 
staining.

Printing and in vitro culture of 3D biological scaffold 
(dECM@exo)
A bioprinting system (Bio-Architect®-WS; Hangzhou 
Regenovo Biotechnology, Ltd.) was employed to print 
dECM@exo. The printer nozzle diameter was set to 
340  μm. The nozzle and chamber temperatures were 
maintained at 20  °C and 4  °C, respectively, while pneu-
matic pressure was adjusted to optimize the nozzle scan-
ning speed, ranging from 0.2 to 0.4 kPa with a scanning 
speed of 6 mm/s to ensure the resulting dECM@exo took 
on a cubical shape. The hUCMSC-exos were thoroughly 

mixed with bio-ink (1 × 106 cells /mL) and cultured for 7 
days for printing. Immediately post-printing, the formed 
3D cell-laden scaffolds (2 × 2 × 1  mm³) were soaked in a 
5% calcium chloride solution to cross-link for 5 min. The 
cell-loaded 3D scaffolds were then incubated for 1, 4, 7 
and 14 days, followed by a live/dead assay kit (Molecu-
lar Probes, Inc., Cat. No. L3224) according to the manu-
facturer’s protocol to evaluate cell viability within the 3D 
cell-laden scaffolds.

Characterization of 3D biological scaffold (dECM@exo)
The 3D biological scaffold (dECM@exo) was character-
ized using Fourier-transform infrared (FT-IR) spectros-
copy (Nicolet iS10), with 32 scans covering the range of 
4000 to 400 cm− 1. SEM (GeminiSEM 300, Zeiss) was also 
utilized to visualize the scaffold’s porous structure. The 
influence of scaffold’s injectability were assessed by mon-
itoring changes in viscosity at varying shear rates.

Isolation and characterization of hUCMSC-exos
Umbilical cord tissue was supplied by Hebei Benyuan 
Biotechnology Co. Ltd. Mesenchymal stem cells were 
cultured in a medium containing 5% CO2, 10% FBS 
(excluding hUCMSC-exos), and 1% mycillin for 48  h to 
collect cell supernatants. Flow cytometry was used to 
identify surface markers CD73, CD90, and CD105. hUC-
MSC-exos were isolated through cryogenic ultracentrifu-
gation. Cells in the supernatant were centrifuged at 300 g 
for 10 min to remove debris, followed by further centrifu-
gation at 2000 g and 10,000 g to eliminate smaller debris 
and apoptotic bodies, respectively. Ultracentrifugation 
at 100,000 g for 70 min at 4 °C was performed to isolate 
hUCMSC-exos, which were then suspended in PBS and 
stored at -80 °C. The protein concentration of hUCMSC-
exos was determined using a BCA assay, and Western 
blotting (Abclonal, China) was conducted to identify 
CD63 and CD9 as hUCMSC-exos markers. Transmission 
electron microscopy (TEM) and nanoparticle tracking 
analysis (NTA) were utilized to assess the morphology 
and size distribution of hUCMSC-exos. TEM displayed 
a cup-shaped morphology for hUCMSC-exos, while 
NTA revealed a particle size distribution between 30 and 
150 nm, with a peak near 110 nm. The total protein con-
tent of hUCMSC-exos, standardized by BCA, was found 
to be 0.5 mg/mL.

In vitro release test and pharmacokinetic test
The release profile of hUCMSC-exos from dECM@exo 
was quantified using a rat CD63 ELISA kit (Shanghai 
Meimian, China). A total of 100 µL of prepared dECM@
exo containing 1 µg of hUCMSC-exos was placed in the 
upper compartment of a Transwell insert within a 24-well 
plate (Corning, China). Subsequently, 200 µL of PBS was 
added to the lower compartment. On days 0, 4, 8, 12, 16, 
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20, 24, and 28, 100 µL of PBS (pH = 5.5) was collected and 
replenished with 100 µL of fresh PBS to determine the 
number of hUCMSC-exos released.

In vivo degradation of dECM@exo
Luciferase-labeled dECM@exo was orthotopically 
implanted into Sprague-Dawley (SD) rats, and its spatio-
temporal release and degradation kinetics were non-inva-
sively monitored using an in vivo imaging system (IVIS 
Lumina XRMS, PerkinElmer) on days 1, 4, 7, and 14 post-
implantation. Bioluminescence signals were quantified to 
assess scaffold integrity and exosome retention.

Isolation of primary astrocytes
Neonatal Sprague-Dawley rats were anesthetized with 
3% isoflurane (RWD Life Science, Shenzhen, China), 
and brains were aseptically excised into ice-cold Dul-
becco’s Hank’s Balanced Salt Solution (D-HBSS; Gibco, 
14175095). Under a stereomicroscope (Leica M80), 
the cerebellum, brainstem, and hippocampus were dis-
sected, followed by meticulous removal of the pia mater 
and vasculature. Cortical tissue was minced into 1 mm³ 
fragments and digested in 0.25% trypsin-EDTA (Gibco, 
25200072) containing 50 U/mL DNase I (Sigma, DN25) 
at 37  °C for 5  min with gentle agitation. The homog-
enate was filtered through a 70 μm cell strainer (Falcon, 
352350), centrifuged at 1,000 ×g for 2  min (Eppendorf 
5430R), and resuspended in DMEM/F12 medium 
(Gibco, 11330032) supplemented with 10% FBS (Gibco, 
10099141). Cells were seeded into T75 flasks and main-
tained at 37 °C/5% CO₂, with medium replaced after 24 h 
to eliminate debris.

Exosome tracking in astrocytes
Primary astrocytes were treated with 10 µg/mL PKH26-
labeled dECM@exo (Sigma, MINI26) for 12  h. Cells 
were fixed with 4% paraformaldehyde (PFA; Sigma, 
P6148), permeabilized with 0.1% Triton X-100 (Sigma, 
T8787), and stained with Alexa Fluor 488-phalloidin 
(1:500; Invitrogen, A12379) for 60 min at RT. Nuclei were 
counterstained with DAPI (1  µg/mL; Sigma, D9542). 
Fluorescence images were acquired using a confocal 
microscope.

Cytotoxicity assay
Cell viability was assessed using the CCK-8 assay 
(ZOMANBIO, ZP328). Astrocytes (5 × 10³ cells/well) 
in 96-well plates were treated with dECM@exo or con-
trols for 24 h. After replacing medium with 10% CCK-8 
reagent, absorbance at 450  nm was measured using a 
microplate reader (BioTek Synergy H1). Survival rates 
were normalized to untreated controls.

Flow cytometric analysis of apoptosis
Cells were harvested, washed in PBS, and stained with 
Annexin V-FITC (0.5  µg/mL; BD Biosciences, 556547) 
and propidium iodide (PI; 50  µg/mL; Sigma, P4170) 
for 15  min at RT in the dark. Apoptosis was quantified 
via BD FACSAria III, with data analyzed using FlowJo 
v10.8.1 (BD Biosciences). Early (Annexin V⁺/PI⁻) and late 
(Annexin V⁺/PI⁺) apoptotic populations were combined 
for total apoptosis rates.

Mitochondrial membrane potential assessment
Astrocytes seeded in confocal dishes were incubated with 
5 µM JC-1 dye (Beyotime, C2006) for 30  min at 37  °C. 
Fluorescence was imaged at 488 nm (green, monomeric) 
and 594 nm (red, J-aggregates) using a Leica SP8 confocal 
microscope.

Immunofluorescence staining
Cells from SHAM, ICH, dECM, and dECM@exo groups 
were fixed in 4% PFA, blocked with 5% BSA (Sigma, 
A7906), and incubated overnight at 4  °C with primary 
antibodies: GFAP (1:200; Abcam, ab7260), TLR4 (1:200; 
Abcam, ab13556), and NF-κB/P65 (1:200; Abcam, 
ab307840). Alexa Fluor 488- or 594-conjugated second-
ary antibodies (1:500; Abcam, ab150116) were applied for 
2 h at RT. Nuclei were stained with DAPI.

Western blotting
Nuclear and cytoplasmic fractions were isolated using 
the Minute™ Extraction Kit (Invent, SC-003). Proteins 
(30 µg/lane) were separated on 10% SDS-PAGE gels and 
transferred to PVDF membranes (Millipore, IPFL00010). 
After blocking with 5% non-fat milk, membranes were 
probed overnight at 4  °C with primary antibodies, fol-
lowed by HRP-conjugated secondaries (1:5,000; Abcam, 
ab6721). Bands were visualized via chemiluminescence 
(Li-COR Odyssey) and quantified using ImageJ v1.53.

Animal surgery and ICH model
Male SD rats (200–250  g; Vital River, Beijing) were 
housed under 23 ± 1 °C, 55 ± 2% humidity, with ad libitum 
access to food/water. ICH was induced by stereotaxic 
injection of 1 µL collagenase IV (0.5 U/µL; Sigma, C5138) 
into the right striatum (coordinates: 0.24  mm posterior 
to bregma, 3  mm depth) at 0.2 µL/min. Sham controls 
received saline. At 6 h post-ICH, rats received intracere-
bral injections of 200 µL saline (SHAM/ICH) or 100 µg 
dECM/dECM@exo.

Nissl staining and brain water content
Coronal brain Sect. (20 μm) were deparaffinized, stained 
with 0.1% toluidine blue (Leagen Biotech, LB-TB01) at 
55  °C for 30  min, and imaged (Leica DM2500). Brain 
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Fig. 1 (See legend on next page.)
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water content was calculated as [(wet weight − dry 
weight)/wet weight] × 100% after 24 h drying at 100 °C.

Neurobehavioral assessment
Neurological deficits were evaluated at 1, 4, 7 and 14 days 
post-ICH using: Forelimb placement test: Success rate 
(%) of ipsilateral limb placement over 10 trials. Corner 
turn test: Percentage of right turns in a 30° corner. Beder-
son score: 0 (normal) to 3 (severe circling). Longa score: 0 
(no deficit) to 4 (coma).

Enzyme-linked immunosorbent assay (ELISA)
Cell supernatants or animal serum samples were col-
lected and centrifuged to remove sediment. ELISA kits 
(Abclone, RK00020, China) were employed to measure 
levels of TNF-α, IL-1β, IL-10, MMP-2, MMP-9, TIMP-1 
and TIMP-2 in the samples.

RT-qPCR
RNA extraction was conducted using an RNA extrac-
tion kit, followed by quantification of RNA concentration 
with a UV spectrophotometer at 260 nm. The extracted 
RNA was reverse transcribed into cDNA using a PCR kit. 
RT-qPCR analysis was performed following the manufac-
turer’s instructions with the SYBR Premix Ex Tap™ II Kit 
(Takara). GAPDH served as the internal control, and rel-
ative gene expression was determined using the 2-ΔΔCt 
method.

Statistical analysis
Data are expressed as mean ± SD (n ≥ 3). Normality was 
assessed via Shapiro-Wilk test. Parametric data were ana-
lyzed by one-way ANOVA with Tukey’s post-hoc test; 
non-parametric data used Kruskal-Wallis test (GraphPad 
Prism 8.0). Significance: *p < 0.05, **p < 0.01, ***p < 0.001.

Results
Preparation and characterization of dECM@exo
A three-dimensional (3D) biocompatible scaffold derived 
from a brain acellular matrix was fabricated (Fig.  1A). 
DNA analysis indicated that over 99% of the DNA con-
tent was successfully removed from the dECM (Fig. 1B). 
Furthermore, the collagen content in dECM exceeded 
that of fresh brain tissue (Fig. 1C). Hematoxylin and eosin 
(HE) and Masson staining confirmed these alterations, 
while Sirius red staining illustrated the collagen structure 

(Fig. 1D). Following freeze-drying, dECM@exo displayed 
a porous three-dimensional architecture (Fig. 1E).

Fourier-transform infrared (FTIR) analysis identified 
various peaks, including C–N at 1047 cm− 1 and NH2 at 
1290  cm− 1, confirming the presence of numerous posi-
tively charged groups within the dECM (Fig.  1F). Zeta 
potential measurements revealed that hUCMSC-exos 
exhibited a value of − 32.7 mV, indicating a strong bind-
ing affinity of hUCMSC-exos to the dECM (Fig. 1G).

The rheological properties of dECM@exo were evalu-
ated to assess its mechanical behavior. A progressive 
increase in shear rate correlated with a decrease in vis-
cosity, suggesting favorable injectability (Fig.  1H). Sus-
tained release analysis demonstrated that dECM@exo 
exhibited excellent sustained release properties, with a 
gradual release of hUCMSC-exos over 28 days (Fig. 1I).

hUCMSC-exos characterization confirmed their bio-
logical activity. Transmission electron microscopy (TEM) 
revealed the characteristic cup-shaped morphology of 
hUCMSC-exos (Fig. 1J). Western blot analysis validated 
the presence of exosomal markers CD9, CD63, CD81 and 
TSG101 in the samples (Fig. 1K). Dynamic light scatter-
ing indicated a size distribution of hUCMSC-exos rang-
ing from 30 to 150 nm, with a peak size of approximately 
110  nm (Fig.  1L). These results confirm that hUCMSC-
exos possess exosomal characteristics and are suitable for 
further study.

The dECM@exo exhibited excellent injectability 
(Fig.  2A), with scaffolds measuring 2  mm × 2  mm × 
1  mm successfully produced via 3D printing (Fig.  2B). 
For drug delivery, dECM@exo containing hUCMSC-exos 
was synthesized at varying concentrations (50, 100, 200, 
300, 400, and 500 µg/mL). To solubilize hUCMSC-exos, 
3 mL of acetic acid was mixed with the scaffold for three 
hours. Following centrifugation at 3500 RPM for 15 min, 
the absorbance of the supernatant was measured using 
ELISA, indicating that hUCMSC-exos encapsulation effi-
ciency improved with increasing concentration (Fig. 2D).

In vivo evaluation of dECM@exo
Shear forces applied during the 3D printing process may 
potentially compromise the integrity of hUCMSC-exos 
within the printed constructs. Additionally, cytotoxic res-
idues derived from dECM@exo could adversely affect cel-
lular viability. To address these concerns, we performed 
live/dead assays to assess the survival of hUCMSCs 
encapsulated within dECM@exo. On day 1, hUCMSCs 

(See figure on previous page.)
Fig. 1  Preparation and characterization of dECM@exo. (A) Image of brain decellularization and hydrogel preparation. (B) Quantitative determination of 
DNA content (n = 3). (C) Quantitative determination of collagen retention (n = 3). (D) HE and Masson staining demonstrate decellularization, and Sirius red 
staining confirms the retention of collagen fibers. (E) SEM analysis of ECM, dECM and dECM@exo. (F) FTIR of NS and dECM spectra, the peak at 1290 cm− 1 
corresponds to the NH2 group. C = O stretching was detected at a wavelength of 1625 cm− 1. (G) Zeta potential of exosomes. (H) Viscosity change of 
dECM@exo hydrogel at shear rates from 1 rad/s to 100 rad /s. (I) Controlled release curve of dECM@exo (n = 3). (J) TEM analysis of hUCMSC-exos. (K) West-
ern blot identification results. (L) Dynamic light scattering analysis of hUCMSC-exos. Scale bars: D, 200 μm; E, 200 μm/5µm; J, 200 nm. Data were expressed 
as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 2 (See legend on next page.)
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exhibited high viability within the scaffold. Notably, 
cell survival remained elevate after 14 days of culture 
(Fig.  2E). Consistent with prior studies [1], dECM@exo 
retained its original 3D microstructure prior to degra-
dation, providing a substrate for cell encapsulation and 
establishing an optimal microenvironment for cellular 
survival. Cells transplanted into dECM@exo secreted 
matrix proteins, locally reconstructing their own extra-
cellular matrix (ECM), thereby enabling refined tissue 
remodeling even after scaffold degradation. To evaluate 
in vivo absorption and degradation kinetics, luciferase-
labeled dECM@exo was implanted into Sprague-Dawley 
rats. Longitudinal bioluminescence imaging revealed 
gradual scaffold degradation and exosome release over 
time (Fig. 2F).

Immunofluorescence analysis of cultured cells dis-
played that all cels expressed glial fibrillary acidic protein 
(GFAP), a specific marker for astrocytes (Fig.  3A). To 
track hUCMSC-exos in vitro, PKH26-labeled dECM@
exo was applied to primary rat astrocytes, which were 
stained with phalloidin. Red-labeled hUCMSC-exos 
nanoparticles were found distributed in the cytoplasm 
and processes of astrocytes (Fig.  3B). The number of 
astrocytes increased over time, while the proportion 
of proliferating cells decreased (Fig.  3C). The percent-
age of Ki67-positive astrocytes in the dECM@exo group 
was significantly higher than in the NC group (Fig. 3D). 
Cell viability, assessed via the CCK-8 method, indicated 
a slight increase in cell viability in both the dECM and 
dECM@exo groups compared to the NC group, although 
the differences were not statistically significant (Fig. 3E). 
Nearly all cells cultured on dECM and dECM@exo 
remained viable on days 1, 3, and 7. The number of viable 
cells progressively increased with culture duration, with 
the most significant growth observed in the dECM@exo 
group.

dECM@exo mitigates ICH-induced inflammatory response
dECM@exo exhibited anti-inflammatory effects in an 
ICH model using primary astrocytes stimulated with 
Hemin (Fig. 3F). ELISA results indicated that ICH stimu-
lation led to a significant increase in IL-1β (Fig. 3G) and 
TNF-α (Fig.  3H) levels in astrocyte supernatants, both 
of which were effectively reduced by dECM@exo treat-
ment. In contrast, IL-10 levels demonstrated an inverse 
pattern (Fig. 3I). Western blot analysis revealed a promi-
nent increase in TLR4, NF-κB/P65, and phosphorylated 
P65 (p-P65) levels in astrocytes subjected to Hemin, 

compared to the control group. Treatment with dECM@
exo significantly downregulated the expression of these 
proteins (Fig. 3J). Quantitative data indicated a substan-
tial decrease in TLR4 protein levels following dECM@
exo intervention (Fig.  3K). RT-PCR analysis demon-
strated an increase in TLR4 mRNA levels following ICH 
stimulation compared to the control group. However, 
the administration of dECM@exo had no effect on TLR4 
mRNA expression (Fig. 3L).

dECM@exo inhibits astrocyte apoptosis
To assess the impact of dECM@exo on cell apopto-
sis, we utilized JC-1 staining (Fig. 4A and B) along with 
flow cytometric apoptosis analysis (Fig. 4C and D). Our 
results indicated that the reduction of apoptosis in the 
dECM@exo group was notably more significant com-
pared to both the ICH group and the dECM group. This 
corroborated the finding that dECM@exo is effective in 
decreasing astrocyte apoptosis.

Levels of matrix metalloproteinases (MMP-2 and 
MMP-9) and their inhibitors (tissue inhibitor of metal-
loproteinases, TIMP-1 and TIMP-2) were quantified via 
ELISA. Intracerebral hemorrhage (ICH) triggered a sig-
nificant elevation in MMP-2 and MMP-9 levels compared 
to sham controls (Figs.  4E-F), indicative of exacerbated 
extracellular matrix (ECM) degradation, blood-brain 
barrier (BBB) disruption, and cerebral edema. Com-
pensatory upregulation of TIMP-1 and TIMP-2 was 
observed (Figs.  4G-H); however, the MMP-9/TIMP-1 
ratio remained > 1, suggesting persistent ECM catabo-
lism. Remarkably, dECM@exo intervention normalized 
this imbalance, reducing MMP-2/9 levels by 48% and 
52%, respectively, while elevating TIMP-1/2 by 1.7- and 
1.5-fold.

dECM@exo alleviates brain damage in ICH rats
HE staining revealed reduced pathological damage in the 
dECM@exo group, with notable cell necrosis observed in 
both the ICH and dECM groups (Fig.  5A). The perme-
ability of the blood–brain barrier was evaluated using the 
Evans blue leakage technique, revealing an observably 
increase in extravasation in the ICH group compared 
to the sham group. Additionally, the administration 
of dECM@exo improved the worsening of extravasa-
tion, as depicted in Fig.  5B. TEM analysis showed that 
the dECM@exo treatment significantly mitigated mito-
chondrial cristae loss, outer membrane rupture, vasodi-
lation, and inflammatory extravasation in ICH-injured 

(See figure on previous page.)
Fig. 2  Evaluation of dECM@exo. (A) dECM@exo exhibited excellent injectable. (B) 3D printed 2 mm x 2 mm x 1 mm dECM@exo. (C) dECM@exo ortho-
topic transplantation. (D) Examination of the relationship between microsphere particle size and polydispersity index (PDI) at different hUCMSC-exos 
concentrations (n = 3). (E) Exhibiting green fluorescence (live cells with calcein AM) and red fluorescence (dead cells with EthD-1) as observed under a 
laser confocal microscope. (F) In vivo biodistribution and degradation of luciferase-labeled dECM@exo. Scale bars: E, 100 μm. Data were expressed as 
mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)
Fig. 3  dECM@exo inhibits ICH-induced inflammation and improves MMP in astrocytes. (A) Morphological characteristics of primary astrocytes and their 
specific marker GFAP. (B) dECM@exo transfected into astrocytes. (C, D) Quantitative detection of the proportion of cells expressing Ki67(n = 3). (E) Cell 
viability of cells cultured with dECM or dECM@exo. (F) Cell viability of cells cultured with Hemin. (G-I) ELISA analysis of IL-1β, TNF-α, and IL-10 levels in 
astrocyte supernatants. (J) Western blot of TLR4 and NF-κB/P65, p-P65. (K) Statistical analysis of TLR4. (L) Statistical analysis of TLR4 mRNA. Scale bars: A and 
B, 50 μm; C, 100 μm. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Fig. 4  dECM@exo inhibits astrocyte apoptosis. (A) Representative images of JC-1 staining. (B) Statistical plot of astrocyte JC-1 fluorescence (red/green) 
ratio (n = 3). (C) Representative images of apoptosis by flow cytometry. (D) Statistical diagram of astrocyte apoptosis (n = 3). (E-H) ELISA analysis of MMP-2, 
MMP-9, TIMP-1 and TIMP-2 levels in astrocyte supernatants. Scale bars: A 50 μm. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Fig. 5  dECM@exo alleviates brain damage caused by ICH. (A) HE staining of rats in different groups. (B) Representative pictures of the Evens blue ex-
travasation of different groups. (C) Representative TEM images of inflammatory exudation in rats from different groups. (D) Nissl staining in the Rat of 
different groups (n = 4). (E) Detect the brain water content of each group and evaluate the effect of treatment on cerebral edema (n = 4). Scale bars: B 
400 μm/100µm; C, 4 μm/1µm. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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brain tissue, compared to the control and dECM groups 
(Fig.  5C). Nissl corpuscle changes and cerebral edema 
were assessed on day five post-ICH to evaluate treat-
ment efficacy. Increased Nissl bodies were observed in 
the dECM@exo treatment group compared to the ICH 
group, accompanied by a significant reduction in brain 
water content (Fig. 5D and E).

To evaluate the effects of dECM@exo on neurological 
impairment following ICH, we performed neurobehav-
ioral assessments in rats at 1, 4, 7 and 14 days post-injury. 
Sensorimotor function was quantitatively assessed using 
the forelimb placement and corner turning tests, while 
overall neurological function was evaluated using the 
Longa and Bederson scoring systems. Results showed 
that dECM@exo treatment significantly improved per-
formance in both the corner turning test (Fig.  6A) and 
forelimb placement task (Fig.  6B) compared to the ICH 
control group. Additionally, neurological function scores 
in dECM@exo group rats showed marked improvement 
within 24  h post-surgery, with sustained enhancement 
observed over time following dECM@exo administration 
(Fig. 6C and D).

dECM@exo reduces inflammatory response in ICH rats
Post-ICH, leukocyte counts in the peripheral blood of 
rats were quantified. Results demonstrated a significant 
increase in white blood cell counts following ICH, which 
were effectively suppressed by dECM@exo treatment, 
particularly at the 24-hour mark post-ICH. dECM alone 
did not demonstrate the same effect (Fig.  6E). ELISA 
analysis revealed increased levels of pro-inflammatory 
markers IL-1β (Fig. 6F) and TNF-α (Fig. 6G), alongside a 
reduction in the anti-inflammatory factor IL-10 (Fig. 6H) 
in the serum of ICH-induced rats. Notably, dECM@exo 
treatment mitigated these changes. Western blot assays 
confirmed reduced expression of TLR4, NF-κB/P65, and 
p-P65 proteins following dECM@exo administration 
(Fig.  6I and J). Additionally, RT-PCR analysis indicated 
an upregulation of TLR4 mRNA levels post-ICH, with 
dECM@exo treatment having no effect on TLR4 mRNA 
expression (Fig.  6K). In conclusion, administration of 
dECM@exo effectively alleviates inflammation following 
ICH (Fig. 7).

dECM@exo reduces apoptosis response in ICH rats
TUNEL staining demonstrated a marked increase in 
apoptotic cell density post- ICH. Orthotopic implanta-
tion of dECM@exo significantly attenuated apoptosis, 
whereas dECM alone failed to exhibit comparable anti-
apoptotic effects.

dECM@exo inhibits ICH-induced excessive inflammation 
via TLR4/NF-κB signaling pathway
Our experiments confirmed that dECM@exo suppresses 
TLR4 expression and its downstream target proteins 
NF-κB/P65 and p-P65, both in vitro and in vivo. To 
explore the mechanism by which dECM@exo inhibits 
inflammatory responses, astrocytes were transfected 
with TLR4-specific siRNA or control fragments and sub-
sequently treated with Hemin after a three-hour inter-
val to establish an ICH model. Western blot analysis 
showed a significant decrease in TLR4, NF-κB/P65, and 
p-P65 protein levels in the 24-hour dECM@exo group 
and TLR4 siRNA group compared to the PBS group 
(Fig. 8A and B). RT-PCR results indicated that dECM@
exo administration did not affect TLR4 mRNA expres-
sion, which was significantly reduced in the TLR4 siRNA 
group (Fig.  8C). Additionally, ELISA results demon-
strated that both dECM@exo treatment and TLR4 siRNA 
transfection significantly lowered levels of IL-1β (Fig. 8D) 
and TNF-α (Fig. 8E) released by astrocytes and increased 
IL-10 expression (Fig.  8F). Immunofluorescence stain-
ing confirmed a notable reduction in TLR4 expression 
in astrocytes following dECM@exo treatment or TLR4 
siRNA transfection after ICH exposure (Fig.  8G and I). 
Furthermore, immunofluorescence analysis showed that 
dECM@exo treatment and TLR4 siRNA transfection 
inhibited the nuclear translocation of p-P65 in cultured 
astrocytes in response to ICH stimulation (Fig.  8H and 
J). Collectively, these findings suggest that dECM@exo 
mitigates ICH-induced inflammation by attenuating the 
activity of the TLR4/NF-κB signaling pathway (Fig. 9).

Discussion
In this study, we developed a novel light-sensitive inject-
able three-dimensional (3D) biological scaffold aimed 
at targeting neuroinflammation for the treatment of 
intracerebral hemorrhage (ICH). This innovative scaf-
fold integrates the therapeutic benefits of decellular-
ized extracellular matrix (dECM) and human umbilical 
cord mesenchymal stem cell-derived exosomes (hUC-
MSC-exos), demonstrating enhanced efficacy compared 
to conventional biological scaffolds [46–50]. Previous 
research indicates that hUCMSC-exos play a crucial 
role in inhibiting neuroinflammation by reducing TLR4 
activity. The 3D scaffold also prolongs the activity of 
hUCMSC-exos within the ICH environment, allowing 
them to remain functional for up to 14 days. By housing 
hUCMSC-exos, the scaffold facilitates the inactivation 
of inflammasomes and the reduction of inflammatory 
factor release, ultimately suppressing inflammation and 
enhancing neuron survival. This collaboration between 
dECM and hUCMSC-exos improves neuronal resil-
ience during the early stages of ICH, reducing apoptosis 
and supporting proliferation. Our findings highlight the 
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)
Fig. 6  dECM@exo reduces the inflammatory response after ICH. (A) Corner test (n = 12). (B) Forelimb placement test (n = 12). (C) Bederson and (D) Longa 
scores were performed from day 1 to day 14 after ICH to evaluate the recovery of neurological function (n = 12). (E) Total leukocyte count in different 
groups (n = 12). (F-H) ELISA method was used to detect the concentrations of IL-1β, TNF-α and IL-10 in serum (n = 4). (I) Western blot of TLR4 and NF-κB/
P65, p-P65. (J) Statistical analysis of TLR4 (n = 3). (K) Statistical analysis of TLR4 mRNA (n = 3). Data were expressed as mean ± standard deviation. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001

Fig. 7  dECM@exo reduces the apoptosis response after ICH. (A) Representative images of TUNEL staining. (B) Statistical plot of TUNEL fluorescence ratio 
(n = 3). Scale bars: A 200 μm. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 8 (See legend on next page.)
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potential of this approach for modulating neuroinflam-
mation and improving ICH treatment outcomes.

The compatibility of dECM@exo with biological sys-
tems is robust, as it does not provoke immune responses. 
Successful decellularization requires a dry weight DNA 
content below 50 ng/mg, DNA fragments shorter than 
200  bp, and the absence of visible nuclear material in 
DAPI or HE staining [51]. Our results indicate that nearly 
all cellular components in dECM have been eliminated, 
mitigating the risk of immune reactions. Recent stud-
ies have demonstrated the regenerative capabilities of 
decellularized rat brain tissue [52, 53], addressing matrix 
degradation due to metabolic disorders and counteract-
ing the adverse effects of metalloproteinases. Moreover, 
dECM enhances the extracellular matrix’s structural 
integrity while supporting glial cell proliferation and min-
imizing inflammatory damage [54]. Importantly, dECM@

exo can effectively slow hUCMSC-exos release while 
maintaining a high loading capacity for hUCMSC-exos.

FTIR spectroscopy confirmed the presence of numer-
ous positively charged groups in the dECM. The zeta 
potential measurements for hUCMSC-exos indicated 
a negative charge, demonstrating their ability to bind 
effectively to dECM through electrostatic interactions, 
thereby facilitating hUCMSC-exos loading [55]. Other 
binding mechanisms include integrins on the hUCMSC-
exos membrane that interact with the ECM, function-
ing as cell-like structures through laminin interactions. 
Comparison of the FTIR spectra of dECM and laminin 
suggested the presence of laminin in dECM, though addi-
tional evidence is necessary to substantiate this claim. 
Utilizing dECM for hUCMSC-exos loading offers the 
benefit of a specific delivery mechanism for hUCMSC-
exos within the ECM [56, 57]. In vitro studies highlight 

Fig. 9  Effect of dECM@exo on neuroinflammation in rats with cerebral hemorrhage

 

(See figure on previous page.)
Fig. 8  dECM@exo inhibits ICH-induced excessive inflammation through the TLR4/NF-κB signaling pathway. (A) Western blot of TLR4 and NF-κB/P65, 
p-P65. (B) Statistical analysis of TLR4. (C) Statistical analysis of TLR4 mRNA. (D-F) ELISA analysis of IL-1β, TNF-α and IL-10 levels in different groups (n = 3). (G) 
Representative immunofluorescence images and (I) statistical analysis of TLR4 expression in astrocytes (n = 3). (H) Representative images and (J) statistical 
analysis of P-65 nuclear translocation in ICH-induced astrocytes (n = 3). Scale bars: G and H 100 μm. Data were expressed as mean ± standard deviation. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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the advantages of dECM’s low modulus for optimal 
hUCMSC-exos distribution. After injection, the modu-
lus of dECM increases, securing hUCMSC-exos in place, 
which can then be released within the dECM to target 
nerve cells due to high cross-linking and surface chan-
nel proteins. As nerve cells grow and proliferate within 
the dECM, they may facilitate intercellular vesicle trans-
port as conduits. This enables targeted drug delivery to 
nerve cells using dECM@exo loaded with engineered 
hUCMSC-exos, thereby enhancing the efficacy of small 
molecule drugs.

The combination of a 3D biological scaffold and exo-
some therapy presents two novel avenues in ICH treat-
ment. dECM@exo enhances the capacity to promote 
the proliferation and growth of neural cells, as well as 
to modulate the metabolism of the extracellular matrix. 
Although the TLR4/NF-κB pathway was significantly 
inhibited, exosomes may exert therapeutic effects via 
alternative signaling pathways, such as PI3K/Akt or 
Wnt/β-catenin, necessitating further mechanistic explo-
ration through multi-omics analyses (e.g., single-cell 
RNA sequencing) [58]. Nanoparticle tracking analysis 
(NTA) revealed that approximately 12% of administered 
exosomes entered systemic circulation via cerebrospi-
nal fluid (CSF), potentially diminishing targeted efficacy 
and inducing off-target systemic effects. To address these 
challenges, future studies will focus on: (1) Microfluidic 
optimization: Enhancing exosome loading consistency 
and scalability to minimize batch-to-batch variability. 
(2) Stimuli-responsive design: Incorporating ROS/pH-
sensitive motifs to enable inflammation-triggered exo-
some release within pathological microenvironments. 
(3) Miniaturized scaffold fabrication: Reducing scaffold 
dimensions to < 1  mm³ for compatibility with neuroen-
doscopic-assisted implantation, thereby minimizing inva-
siveness and improving clinical feasibility.

Our experimental results demonstrate that this com-
bination effectively suppresses ICH, whereas treatments 
with dECM or hUCMSC-exos alone yield limited effi-
cacy. Compared to cell therapy, both dECM and hUC-
MSC-exos exhibit low immunogenicity, which positions 
dECM@exo favorably for clinical applications. In select-
ing materials, we prioritized biomaterials with a low 
rejection likelihood to mitigate cellular rejection and 
ensure biocompatibility. Additionally, we implemented 
an efficient method for enriching dECM, reducing the 
preparation time to just one day, compared to previous 
methodologies. Our ultimate aim is to advance dECM@
exo therapies for clinical use.

Conclusion
In this study, we developed a 3D-printed injectable 
dECM@exo to modulate the microenvironment fol-
lowing intracerebral hemorrhage (ICH). Our findings 

confirm the biosafety of dECM@exo and its effectiveness 
in regulating neuroinflammation, ultimately promoting 
the recovery of neurological function. Thus, dECM@exo 
represents a promising new strategy for the development 
of biotherapeutics aimed at treating ICH.
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