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Abstract: Traumatic brain injury (TBI) is one of the leading neurological disorders worldwide. The complexity of its pathological
mechanisms and substantial interindividual variability pose considerable challenges to conventional diagnostic and therapeutic
approaches. Exosomes, a subtype of extracellular vesicles, have attracted growing interest due to their excellent biocompatibility
and ability to cross the blood-brain barrier, demonstrating considerable potential in TBI diagnosis and treatment. This review focuses
on the application of exosomes in the field of TBI, clarifying the pathophysiological mechanisms by which exosomes regulate
inflammation, neuronal repair, vascular changes and cognitive function after TBI, and discussing their value as novel biomarkers in the
carly diagnosis and prognosis assessment of TBI. Subsequently, we summarize the application of exosome tissue engineering in TBI,
comb through the preclinical translational basis of exosomes, and analyze the current challenges including standardization of isolation
procedures, safety and long-term efficacy. In summary, exosomes provide a novel paradigm for cell-free therapy and precision
diagnosis of TBI, and further addressing translational bottlenecks will enable them to exert greater advantages.
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Background

Traumatic Brain Injury (TBI) is a serious neurological injury, which is one of the main factors in disability and death
worldwide. According to epidemiological data, approximately 50 million people globally are affected by TBI annually.'~
In China, more than 125,000 new cases are reported each year,® with a notably increasing incidence among young adults,
seniors and athletes.” At present, there are no highly sensitive and specific diagnostic methods to identify the disease
progression of TBI. Combining the Glasgow Coma Scale (GCS) with injury characteristics, TBI is classified as mild TBI
(mTBI), moderate TBI or severe TBI (sTBI); the occurrence of two or more TBIs of any severity within 6 months to
several years is defined as repetitive TBI (rTBI).* The clinical manifestations of TBI are complex and diverse, including
primary mechanical injury and secondary processes such as neuroinflammation, apoptosis, and disruption of the blood-
brain barrier (BBB).” The staging and manifestations of TBI are shown in Figure 1. Currently, TBI clinical methods
focus on early treatment, decompressive craniectomy is often used to reduce cerebral edema in TBI patients.® However,
surgical treatment is prone to complications such as infection, the effect of drug treatment is limited by the BBB and the
short time window. Dynamic disease monitoring and neurological function reconstruction in the subacute and chronic
phases are both major challenges in the diagnosis and treatment of TBI at present. To overcome these limitations,

researchers have been actively pursuing more effective and reliable treatments for TBI.
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In 1983, Harding et al first observed small vesicles secreted by certain cells in reticulocytes,” and these vesicles were
later termed “exosomes” by Rose Johnstone.® Exosomes are nanoscale vesicles secreted by various cells through
exocytosis, typically measuring 30—150 nm in diameter. They carry a variety of biological molecules such as proteins,
lipids, and small RNAs,”'* serving as important tools for intercellular communication.'” In the nervous system,
exosomes are secreted by neural cells including neurons, neural stem cells (NSCs), astrocytes and microglia.'*'> They
participate in biological processes such as neural development and inflammation regulation.'®'” More and more evidence
indicates that differentially expressed exosomes in TBI patients, suggesting their potential use in monitoring disease
progression, injury diagnosis, and therapeutic development.'®?' As an endogenous biological carrier, exosomes have
good biocompatibility and immune escape ability. Using exosomes as delivery vehicles to carry neurotrophic and anti-
inflammatory factors can reduce the inflammatory response after TBI, protect the BBB, and promote neural repair at the
lesion site.”” ** Compared with traditional surgical or pharmacological interventions, exosome-based cell-free therapy
offers the advantages of minimal invasiveness and high targeting specificity, showing great potential in the treatment and
diagnosis of TBI. However, it is undeniable that research on the application of exosomes in TBI remains at an early stage.
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Figure | Phases and manifestations of TBI Injury. The acute phase is characterized by primary injury and BBB disruption. The subacute phase sees an inflammatory surge
alongside the initiation of neural repair. The chronic phase gives rise to long-term sequelae.
Abbreviations: BBB, blood brain barrier; ICP, intracranial pressure.

Challenges such as standardization in extraction, purification, and scalable production have yet to be addressed.
Achieving efficient and cost-effective production of clinical-grade exosomes remains a major obstacle to their transla-
tional use.

Therefore, this review elaborates on the application of exosomes as biomarkers and neurorepair factors in TBI, and
the application of exosomes as biomedical materials in TBI. In addition, we explore existing challenges and future
directions to promote the transformation of exosome research into clinical practice.

This review employed a systematic approach to identify studies related to the application of exosomes in TBI.
A comprehensive search was conducted across several databases, including Web of Science, PubMed, Embase, Cochrane
Library, CNKI, and Wanfang Data, covering the period from January 2010 to November 2025. The search strategy
combined controlled vocabulary and free-text terms, with the core query structured as: (“exosomes” OR “extracellular
vesicles””) AND (“traumatic brain injury” OR “TBI”). This was further supplemented by specific source keywords such
as “biomarker”, “diagnosis”, “therapy”, “tissue engineering”, and “drug delivery”, encompassing both Chinese and
English publications on the biology of exosomes, tissue engineering strategies, and their foundational, preclinical, and
clinical model research in TBI diagnosis and treatment.

Biogenesis and Transport Mechanisms of Exosomes

Exosomes originate from early endosomes, which are formed through the inward invagination of the plasma membrane
and serve to initially enrich specific bioactive molecules such as proteins and nucleic acids. Subsequently, the
membrane of these early sorting endosomes undergoes inward budding. Regulated by protein complexes such as
Endosomal Sorting Complex Required for Transport, this process leads to intraluminal vesiculation, maturing the
structure into multivesicular bodies (MVBs). The intraluminal vesicles within MVBs are exosome precursors, which
are ultimately released into the extracellular matrix upon fusion of the MVBs with the plasma membrane.> (Figure 2)
Owing to their endosomal origin, exosomes possess favorable properties such as low immunogenicity. In contrast,
apoptotic bodies which are rich in DNA and nuclear fragments—are more prone to induce immune activation or
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Figure 2 Schematic diagram of exosome biogenesis and information transmission. Originating from early endosomes, exosomes mature within multivesicular bodies and are
secreted via membrane fusion. Subsequently, they mediate intercellular communication by entering target cells through endocytosis, membrane fusion, or receptor-ligand
interactions.

inflammatory responses. Microvesicles (100-1000 nm), generated by direct outward budding of the plasma membrane,
typically encapsulate cargo in a more stochastic and heterogencous manner and exhibit considerable size variability,
which limits their capacity to elicit consistent biological effects. Exosomes not only demonstrate superior membrane
stability but also carry well-defined surface markers, thereby providing a robust foundation for targeted delivery and
engineered modifications.

As an important communication tool between cells, exosomes mainly rely on three ways to mediate information
exchange: (i) internalization by recipient cells followed by release of their cargo into the cytoplasm; (ii) binding to
receptors on the target cell membrane, thereby activating intracellular signaling pathways; (iii) direct membrane fusion
with the target cell, allowing non-selective delivery of their bioactive contents into the cytosol.'® (Figure 2) In the
nervous system, the surface ligand proteins of exosomes (such as integrin avpB3, transferrin, etc.) can specifically
recognize and bind to the receptors on the surface of brain microvascular endothelial cells (BMECs), inducing the
endocytosis of exosomes, and then released into the interstitium of brain tissue through the basal side of endothelial cells,
achieving precise delivery across the BBB. After TBI, the permeability of the BBB significantly increases, but the
adverse leakage response provides a shortcut for exosome delivery. Disruption of tight junction proteins enhances
exosome diffusion, and the inflammatory microenvironment upregulates receptors such as Intercellular Adhesion
Molecule-1 on endothelial cells, increasing exosomal transcytosis. These properties make exosomes a promising
candidate for TBI therapy. Nevertheless, their pharmacokinetic profile remains incompletely elucidated. Although
exosomes possess inherent BBB-crossing capability, their short circulation time and high clearance rate in vivo result
in limited accumulation at the site of brain injury, posing a challenge for therapeutic efficacy.
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Regulatory Effects of Exosomes After Brain Injury

Brain tissue is delicate and complex, with substances interacting and influencing each other, generating numerous
cascades of reactions. Consequently, the regulatory effects of exosomes on brain function following TBI are multi-
dimensional rather than a single targeted mechanism. Multiple signaling pathways interconnect and intertwine to form an
integrated multidimensional regulatory system. Current research on the therapeutic effects of exosomes in TBI focuses on
inflammatory responses, neuronal repair, angiogenesis and cognitive function, and we have conducted a summary of the
corresponding mechanism pathway. (Figure 3).

Exosomes Regulate Inflammation

After TBI, the BBB is disrupted, the pathways such as nuclear factor k-light-chain-enhancer of activated B cells (NF-kB)
pathway and NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasomes are activated, releasing
proinflammatory cytokines, leading to imbalanced astrocyte recruitment and microglial polarization, which in turn
damages the BBB and creates a vicious cycle.’?” Microglia is a double-edged sword in the TBI cascade, they can
differentiate into either pro-inflammatory microglia 1 phenotype (M1) or anti-inflammatory microglia 2 phenotype
(M2).2%% The M1 phenotype mainly activates the NF-kB pathway and the NLRP3 inflammasome pathway, exacerbating
neuronal death and BBB destruction; the M2 phenotype activates the Transforming Growth Factor-beta / Sma- and Mad-
related protein pathway and the Interleukin-10 (IL-10) / Signal Transducer and Activator of Transcription 3 pathway,
which are anti-inflammatory factors that contribute to tissue repair.*%'

Many studies have shown that exosomes can carry bioactive molecules such as proteins, RNAs, and lipids, which

target the signaling pathways and interrupt the inflammatory cascade, thereby mitigating neuroinflammation after
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Figure 3 Exosome-mediated regulation of signaling pathways relevant to TBI. Exosomes from different cell sources exert synergistic effects of neuroprotection, anti-

inflammation and promoting repair by delivering specific miRNA, IncRNA and proteins after TBI.
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TBI.?%3%*3 MiR-124-3p is a chronic regulator of gene expression after TBI, and the decreased expression in the injured
cortex is related to neuroinflammation.>*® Studies have shown that the level of miR-124-3p in microglial exosomes are
significantly elevated during both acute and chronic phases of TBI. It can not only inhibit Toll-like receptor 4 signaling
pathway to promote M2 polarization, but also target phosphodiesterase 4B to inhibit the mechanistic target of rapamycin
(mTOR) signaling pathway, promote axonal regeneration of damaged neurons, and improve the neurological function of
rTBI mice.***” He et al discovered that astrocyte-derived exosomal IncRNA regulatory axis can inhibit the NF-xB
signaling pathway. It reduced the pro-inflammatory phenotype of microglia and enhanced their phagocytic activity,
offering a novel target for interventions aimed at modulating glial cell interactions.*® Similarly, another miR-873a-5p
derived from astrocyte exosomes (AS-Exos) was taken up by adjacent microglia after TBI, which block NF-«xB
phosphorylation, upregulating the anti-inflammatory factor Arg-1 while downregulating the pro-inflammatory factor
inducible nitric oxide synthase.>* Additionally, Exosomes from human umbilical cord mesenchymal stem cells also
exhibited anti-inflammatory effects via NF-kB pathway modulation.*® These studies suggest that the NF-kB pathway
may be a common regulatory target of cross-cell origin. However, due to differences such as the source of exosomes and
the administration window, more cross-model validation data are still needed for support.

Exosomes Promote Neuronal Regeneration
Neuronal injury is a major feature of secondary damage following TBI. In the lesion area, inflammatory and oxidative
stress responses interact, leading to neuronal apoptosis and synaptic dysfunction, which impede brain tissue repair and
regeneration.*' ™ Antioxidants can reduce free radicals accumulation and mitigate oxidative stress. However, traditional
antioxidant drugs have a single target and obvious side effects. For instance, long-term use of vitamin E increases the risk
of bleeding;** N-acetylcysteine has poor BBB penetration and low bioavailability.*>*® Additionally, impairment of the
gut-brain axis in TBI patients leads to gastrointestinal side effects with oral medications and considerable variability in
treatment response.*’” Neurotrophic factors can suppress apoptotic protein expression and promote axonal regeneration.*®
However, endogenous levels are often insufficient, and exogenous supplementation is hindered by poor BBB penetration.
As an emerging intercellular communication medium, exosomes show considerable potential in promoting neuronal
survival and restoring synaptic plasticity. Specifically, miR-17-5p in AS-Exos can downregulate the expression of
adenovirus E1B 19 kDa interacting protein 2, a protein closely associated with mitochondrial homeostasis and cell
death pathways.*’ Through in vitro and in vivo experiments, Du et al demonstrated that this mechanism reduces neuronal
apoptosis in hypoxic-ischemic brain injury.’® Given the heterogeneity of the injury model, the repeatability of this
mechanism in the TBI model still needs to be further confirmed. The protective role of nuclear factor erythroid 2-related
factor 2 (Nrf2) in mitigating oxidative stress and neuronal damage has been well established.’' Zhang et al further
showed that AS-Exos upregulate Nrf2 expression, thereby suppressing oxidative stress and reducing neuronal damage
after TBI. The effect abolished in Nrf2-knockout mice, confirming the earlier findings.>* Zhuang et al provided different
ideas: Bone marrow mesenchymal stem cell-derived exosomes (BMSC-Exos) can effectively inhibit glutamate-mediated
excitotoxicity after TBI via the Mitogen-Activated Protein Kinase (MAPK) signaling pathway and reduce apoptosis.™

Exosomes Facilitate Cerebrovascular Regeneration

The neurovascular unit serves as a prerequisite for neural repair following injury.>* Blood supply to the injured area not
only delivers oxygen and nutrients that support neuronal survival and synaptic remodeling, but also modulates inflam-
mation through paracrine signaling, thereby improving the local microenvironment.>> More importantly, neovasculariza-
tion creates favorable conditions for skull repair and provides essential support during bone remodeling and
maturation.> "

The role of exosomes in promoting vascular development and growth in neurological diseases has been confirmed.
These studies provide a relevant theoretical basis for repairing vascular damage after TBL.%** A study that used
exosomes derived from human peripheral blood endothelial progenitor cells found that exosomes are taken up by
endothelial cells and translated into proteins and by activating the phosphatidylinositol-3-kinase/protein kinase
B (PI3K/AKT) pathway and endothelial nitric oxide synthase, thereby enhancing endothelial proliferation and
angiogenesis.®> Similarly, Gao et al observed that BMECs efficiently took up exosomes formed by fluorescently
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labeled endothelial cell colonies. In vitro experiments further revealed that these exosomes suppressed phosphatase
and tensin homolog (PTEN) pathway, and activated the AKT signaling pathway, upregulating tight junction proteins
such as Ceroid-lipofuscinosis neuronal protein 5 and occluding,®* consistent with previous findings. Exosomes derived
from mesenchymal stem cells (MSCs) are rich in angiogenic signaling proteins and have angiogenic capabilities.®
Zhang et al reported that intravenous injection of MSC-derived exosomes (MSC-Exos) increased the number of newly
formed endothelial cells and neurons in the peri-injury region and the hippocampal dentate gyrus after TBI.®
Johnathon et al proposed that exosomes at low dose (1 pg/mL) and medium dose (10 pg/mL) were shown to promote
angiogenesis by modulating the NF-kB signaling pathway.®’ Interestingly, not all exosomal effects are beneficial. For
instance, AS-Exos can exacerbate BBB disruption after TBI by delivering miR-143-3p, which targets BMECs and
inhibits autophagic degradation of cellular adhesion molecule, thereby worsening secondary injury.”” Based on this
founding, Wu et al developed a vascular cell adhesion molecule-1-targeted exosome delivery system to specifically
deliver a miR-143-3p inhibitor, significantly improving neurological functional prognosis in TBI mice models.?
Inhibiting the expression of miR-491-5p in mesenchymal stem cells can target the melatonin receptor 2-mediated
HIF-10/VEGF signaling pathway, increase the microvessel density and local cerebral blood flow at the site of brain
injury.®® Therefore, the rational utilization of the negative regulatory mechanism of exosomes can also be transformed
into the pro-repair pathway of TBI.

Patients with TBI who have suffered mechanical injuries often have skull fractures or defects. Loss of this natural
protective barrier, the brain tissue is more prone to difficult complications.®*’' Researchers have gradually focused on
the role of exosomes in the synergistic regulation of bone regeneration and vascular repair. Notably, MSC-Exos pre-
treated with low-dose dimethyloxalylglycine further enhanced osteogenesis and angiogenesis via activation of the AKT/
mTOR signaling pathway, demonstrating superior efficacy compared to untreated MSC-Exos.”?

Exosomes Improve Cognitive Function

The neuroinflammatory cascade following TBI is complex and prolonged, driving neurodegenerative changes that persist
for months to years after injury. These changes manifest as cognitive impairment, reducing motor coordination and
emotional disturbances.” A long-term follow-up study reported rates of cognitive decline at 21% in mTBI and 26% in
sTBI cases, with the risk of deterioration increasing over time.”* Imaging studies showed that brain atrophy after TBI
mainly involving areas the hippocampus and frontal cortex, which highly overlapped with regions of Amyloid-p (AB)
protein deposition.”

Cognitive impairment following TBI is positively correlated with pituitary dysfunction.”® And it has been found that
mitochondrial autophagy function is impaired post-injury.””-”® Insulin-like growth factor-1 (IGF-1) is one of the down-
stream factors of growth hormone. A study revealed that astrocyte-derived IGF-1 promoted the maturation of miR-let-7e
via the 7-methylguanosine mRNA-decapping enzyme 2, which in turn suppressed IGF-1 receptor expression and restored
mitophagic function.’”® This provides a new target for improving cognitive function after TBI. Xian et al found that MSC-
Exos ameliorated mitochondrial dysfunction in hippocampal astrocytes of mice, exerted anti-inflammatory effects while
improving cognitive function.”* Zhuang et al reported that BMSCs-Exos reduced cortical lesion volume, further
supporting the role of exosomes in improving cognitive recovery after TBI.>® A recent study identified the PTEN-
induced kinase 1 pathway as another mechanism modulating mitophagy and inflammasome NLRP3 activation. And the
gap junction protein alpha-1 20 kDa isoform protein in AS-EXOs can inhibit pyroptosis, alleviating cognitive impairment
and anxiety-like behaviors after TBI.*

Additionally, abnormal AP accumulation is a key feature of neurodegenerative changes following TBI, particularly in
cases of repetitive mTBI.®' Although neuron-derived exosomes have been implicated in driving the formation of Ap
fibrils, growing evidence suggests that exosomes predominantly contribute to the clearance of AP.**** Ge et al
demonstrated that miR-124-3p is altered after TBI and promoted Apolipoprotein E expression by targeting its inhibitory

transcription factor, thereby suppressing Ap pathology and attenuating neurodegenerative processes.®
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Exosomes as Biomarkers for TBI

In the clinical diagnosis of TBI, commonly used assessment and detection methods include clinical scales,
neuroimaging and biomarker analysis. GCS is widely employed to evaluate consciousness in TBI patients.
However, it is relatively subjective, susceptible to medication interference, and lacks sensitivity in diagnosing
mTBL® CT and MRI serve as essential imaging modalities for TBI diagnosis, offering high sensitivity and
specificity in detecting brain tissue damage. Nevertheless, CT carries the risk of ionizing radiation, while MRI is
time-consuming and costly. Importantly, neither technique can reliably predict functional recovery in TBI patients.
Given the long-term impact of TBI on neurological function, continuous monitoring of functional status is crucial.
The emergence of fluid biomarkers, particularly the application of exosomes, has brought new opportunities in this
regard.

The Traditional Fluid Markers
Cerebrospinal fluid is the primary source for detecting TBI-related biomarkers, but its invasive collection procedure and
limited sample availability considerably reduce feasibility. Blood-derived biomarkers have also garnered considerable
attention, such as neurofilament light chain (NfL), tau protein, S100 calcium-binding protein B, and glial fibrillary acidic
protein (GFAP),*®*° whose altered expression levels are typically associated with the severity of brain injury and
functional prognosis.>' Peltz et al found that combined measurement of phosphorylated tau protein, NfL and the
inflammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor-o can effectively assess cognitive function in
TBI patients.”® Guedes et al further validated this conclusion through blood analysis of 195 veterans.”® However, the
sources of the research samples have distinct population characteristics. Potential exposure histories and military-specific
injury mechanisms may have shaped the kinetics of p-tau, NfL and inflammatory factors and their association with
cognitive outcomes. TBI has been firmly associated with cognitive impairment.”’ After brain injury, the increased tau
acetylation mediated by S-nitrosylated glyceraldehyde-3-phosphate dehydrogenase leads to neurodegeneration and
behavioral disorder.”® Patients with moderate to sTBI have a 2-3 times higher risk of developing dementia in later
life.”*** Furthermore, repetitive brain injuries induce hyperphosphorylation of tau and structural changes resembling, yet
distinct from Alzheimer’s disease(AD), potentially resulting in chronic traumatic encephalopathy (CTE).””> However, the
accuracy of tau in predicting CTE remains suboptimal, with a negative predictive value of only 53%, limiting its utility in
ruling out CTE.”®

Large clinical cohorts have shown that plasma GFAP and Ubiquitin C-terminal Hydrolase L1 (UCH-L1) both change
within 7 days of mTBI, and their combined use outperforms either marker alone.”” This work provided the evidence base
for their clinical adoption. In 2018, the Food and Drug Administration (FDA) first cleared a blood-based assay that
quantifies GFAP and UCH-L1 to evaluate mTBI. A subsequent European multicentre prospective study confirmed that
the test predicts intracranial haemorrhage with high sensitivity.”® The Abbott i-STAT TBI Whole Blood Test, approved
by the FDA in 2024, further simplifies testing, expands the settings in which it can be used, and reduces unnecessary CT
scans.”® Due to performance drops with increasing injury severity, these methods mainly support intracranial hemorrhage
detection and offer limited utility in sTBI. The inherent instability of circulating proteins and their resulting narrow
detection window constitute significant challenges for biomarker development.

Exosomes as Novel Markers

Exosomes are an emerging biomarker that has shown diagnostic value in various diseases such as pancreatic cancer and
acute myocardial infarction.'®*'°" Exosomes carrying molecules from neurons, glial cells, and other cell types can reflect
early changes after brain injury and systemic immune responses, offering comprehensive pathological insights. In the
context of neurological disorders, isolating exosomes released by specific cell types provides new insights into the
complex molecular change.'>'*> The summary is shown in Table 1. (Table 1) Compared with cerebrospinal fluid
sampling, exosomes can be obtained from peripheral blood. There is no need for lumbar puncture, which reduces patient
discomfort and risk through non-invasive sampling. Moreover, exosomes are encapsulated by a phospholipid bilayer that
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protects their cargo from enzymatic degradation and immune attack, conferring high stability in circulation, thereby
enabling repeated and frequent monitoring."*

RNA in Exosomes

RNA is one of the main cargoes of exosomes, can be further categorized into miRNA, IncRNA, circRNA, and tRNA,
whose expression changes may be associated with the disease development after TBI. Rodent TBI models have shown
differential expression of both IncRNAs and circRNAs.'”!'? Among them, circRNA-enriched calcium-signaling cas-
cades can activate the MAPK pathway, thereby contributing to post-injury inflammation and apoptosis, plausibly by
competing for miRNA binding and modulating target-gene levels.''? Studies in rat models have analyzed alterations in
plasma exosomal miRNA profiles after TBI and revealed significant associations with the MAPK signaling pathway,
actin cytoskeleton regulation, supporting the potential of miRNAs as TBI biomarkers.''

Clinical studies have provided robust evidence for the use of exosomal RNA as a rapid diagnostic marker after TBI.
Devoto et al measured plasma exosomes in 153 military personnel with TBI and found differential expression of hsa-miR
-139-5p and hsa-miR-18a-5p in exosomes between the mTBI and rTBI groups.'® Further analysis revealed a negative
correlation between miRNA levels in the rTBI group and Neurobehavioral Symptom Inventory scores, suggesting
a potential link to post-TBI neurobehavioral symptoms.'®® Additionally, compared to TBI patients with normal con-
sciousness and the healthy group, the plasma-exosomal small RNAs hsa-miR-1-3p, hsa-miR-155-5p and nine others
changed expression as the GCS score varied in TBI patients with altered consciousness.''® Similarly, serum-derived
exosomes also exhibited differential RNA expression profiles. For instance, IncRNA VLDLR-AS1 was significantly
downregulated in military personnel with chronic TBL'** This study highlights the potential of exosomal signaling as
a blood-based biomarker for identifying chronic TBI patients. However, since IncRNA VLDLR-ASI is also implicated in
neuropsychiatric disorders, there is a risk of false positives. Cross-population and longitudinal validation are needed to
establish its generalizability. In another study, serum exosomes isolated from severe and mTBI patients showed that miR-
206 and miR-549a-3p were significantly elevated in patients with poor prognosis compared to those with favorable
outcomes, indicating their predictive value.'® A retrospective analysis revealed that the miR-338-3p in neural-derived
exosomes significantly increased 48 hours after TBI, positively correlated with the New Injury Severity Score.'®’
Notably, its expression exhibited TBI-specific and time-dependent patterns, potentially reflecting oxidative stress
modulation or initiation of neuronal repair, supporting its utility for dynamic monitoring of TBI progression. To better
understand the dynamic changes of exosomal RNA in human brain tissue after TBI, His et al built a 3D in-vitro brain
model, using qPCR and NanoString, profiled multiple miRNAs (miR-124-3p, miR-137-3p, miR-204-5p and miR-320c,
etc.) during the acute phase of TBI. The observed changes matched clinical data. The main limitation is the absence of
a BBB, which reduces translational relevance. Incorporating a BBB layer while preserving the model’s reproducibility
would allow more accurate, longer-term miRNA tracking and open new avenues for longitudinal prediction of TBI

S B
progression.''°

Protein in Exosomes

Proteins also represent crucial biological information carried by exosomes, which can be taken up by recipient cells and
undergo changes during the onset of diseases, making them popular candidates for TBI biomarkers. Goetzl et al observed
distinct expression patterns of exosomal proteins between acute and chronic TBI patients, Aquaporin-4 and synaptogyrin-
3 are proteins carried by exosomes that are closely related to neurological functions, and their increase was significantly
greater in acute TBI compared to chronic TBI.'®® While IL-6 and cellular prion protein remained elevated in chronic
TBI, which is associated with the deposition of neurotoxic proteins following concussion.''” Additionally, potassium-
chloride cotransporter 2 (KCC2), a neuron-specific potassium-chloride cotransporter that regulates intracellular chloride
homeostasis, was significantly reduced in blood exosomes from TBI patients. The ability of KCC2 to predict cognitive
dysfunction after TBI has been validated, and its expression is significantly reduced in blood exosomes of TBI patients,
which is also closely associated with depressive-like behavior."'! Furthermore, AS-Exos carry complement proteins, such
as C4b, factor D, C3b, which remain elevated in patients with mTBI.''® These alterations may lead to long-term neural
damage and dysfunction.
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Table | The Source and Function of Exosomes as Biomarkers of TBI

Source Expression Function Refs
Serum miR-206 i The prognosis of patients with sTBI deteriorates [18]
miR-549a-3p
Serum VLDLR-ASI l Chronic mTBI related to combat is positively correlated with depressive symptom [104]
Plasma | miR-203b-5p \ The brain-derived map composed of 8 RNAs effectively classifies the injury status of TBI [105]
miR-203a-3p
miR-185-5p
Plasma | hsa-mir-139-5p il The prognosis of patients with mTBI deteriorates [106]
Tissue miR-338-3p 1 It is positively correlated with the severity of injury, reflecting the activation of neuronal repair | [107]

or stress regulation mechanisms

Blood p-tau, TNF-a, i Cognitive function impairment occurs in the chronic stage of TBI [20]
IL-6
Blood NfL 1 It is associated with rTBI as well as Post-Traumatic Stress Disorder and depressive symptoms | [91]
Plasma CDsl ! A significant decrease in its content indicates acute mTBI [108]
Plasma tau 1 The worse the performance in the fields of memory and psychomotor speed [96]
Plasma CDé63, Ibal 1 It indicates that it is in the acute stage [109]
Plasma CDlI Ib, 1 It indicates that it is in the post-acute stage [109]
ACSA-2
Serum UCH-LI 1 Its significant increase predicts early death in patients with TBI [110]
Serum KCcC2 l Depression-like behaviors increase after TBI [

Notes: 1: up-regulated expression;|: down-regulated expression; \: non-unidirectional changes.
Abbreviations: sTBI, severe TBI; mTBI, mild TBI; rTBI, repetitive TBI.

A study by Moyron et al identified that plasma exosomes collected within 24h of injury carry proteins whose
expression patterns differ by TBI severity. Sixteen proteins (Ig kappa V-I Gal, tetranectin and adiponectin etc) were
unique to mild—moderate TBI, whereas fourteen (Ig kappa V-1 AG, Ig lambda V-II NIG-84 and mannose-binding
protein C etc) appeared only in severe caseses.''” However, nine proteins were shared by uninjured controls and mild—
moderate patients, underscoring an overlap zone that may complicate single-subject classification. The concentration of
GFAP isolated from plasma exosomes was significantly higher in patients with altered consciousness, and approximately
ten times greater than in those without.'' In a separate study, Mondello et al collected serum daily for five days from 21
patients with moderate-to-severe TBI. Exosome-derived UCH-L1 identified early mortality with 100% sensitivity and
specificity, while Exosome-derived GFAP and NfL were significantly higher in diffuse injury than in focal lesions. GFAP
remained four-fold elevated at 48h, indicating a prolonged sampling window.''® Relative to the FDA-cleared assays for
free GFAP and UCH-LI, exosome-associated biomarkers may offer broader temporal coverage and better lesion-
phenotype discrimination. Small cohorts and undefined cut-offs have so far limited clinical translation. Validation in
large and prospective studies using standardized protocols and blinded clinical end-points is required to establish
incremental value.

Lipid in Exosomes

In contrast to RNAs and proteins, the potential of lipids as biomarkers should not be ignored either. After TBI, lipid
metabolism in brain tissue is disrupted, compromising membrane integrity. The resulting phospholipid metabolites and
oxidation products increase BBB permeability, allowing exosomes, which are bilayer lipid vesicles, to cross the barrier
more readily and become selectively enriched or depleted.'*® A multivariate serum lipid panel distinguished TBI within
24 h in rats with 90% sensitivity and accuracy.'?' In a multicentre European cohort of 716 patients, metabolomic
profiling revealed that choline-phospholipid concentrations declined in proportion to acute injury severity.122 Lipid
markers of blood origin are the attracting wide attention, yet exosome-derived lipids remain under-studied in TBI.
Pioneering work in other neurological diseases shows the diagnostic value of exosomal lipids. Pergande et al reported
early elevation of sulfatides in mouse brain-derived exosomes that rose progressively with metachromatic
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leukodystrophy severity,'*® while exosomes from AD brain tissue displayed reduced glycerophospholipids and poly-
unsaturated fatty acids, with DHA depletion correlating closely with cognitive decline.'** These neuron-enriched lipid
cargoes sensitively mirror cerebral metabolism, providing a solid rationale for exploring exosomal lipids as TBI
biomarkers.

Collectively, exosomes hold promise for the diagnosis and longitudinal tracking of TBI. Although findings from
clinical samples are promising, it is important to acknowledge that current studies on exosomal biomarkers remain
limited by small sample sizes and a scarcity of large-scale cohort investigations. Furthermore, there is considerable
heterogeneity in the biomarkers identified across different studies, compounded by variability in sample sources and
injury severity. The generalizability of these results is also constrained by differences in injury mechanisms—such as
blast-induced versus impact-induced trauma—and demographic or clinical confounders including age, sex, and comor-
bidities, all of which may significantly influence exosomal cargo profiles. Additionally, variations in sampling timepoints
and inter-individual differences continue to pose challenges for achieving reliable longitudinal monitoring. The differ-
ence of sampling time between nodes and individuals is still the key parameter to realize accurate longitudinal

monitoring.

Exosome Tissue Engineering Strategies for Treating TBI

We already know that exosomal low immunogenicity, high biocompatibility, and ability to penetrate the BBB make them
ideal delivery vehicles for treating brain injury. However, natural exosomes are limited by insufficient targeting
specificity, low drug-loading efficiency, and uncontrolled in vivo distribution. In recent years, advances in sophisticated
technologies have enabled the functional enhancement of exosomes through tissue engineering strategies. Innovations in
drug loading, material integration, and delivery approaches have significantly improved the therapeutic potential.
Example of research on organizational engineering is shown in the Figure 4.

Intranasal delivery

Surface modification of exosomes by orthogonal click chemistry
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Figure 4 Exosome-based tissue engineering strategies mainly encompass surface modification via orthogonal click chemistry, the construction of hydrogel delivery systems
through chemical or physical cross-linking, and nanoparticle preparation using microfluidic technology, with intravenous, oral, and intranasal administration serving as key
delivery routes.

Abbreviations: Exos, exosomes; DBCO, dibenzocyclooctyne; NHS: N-hydrox-ysuccinimidyl ester; RVG, Rabies Virus Glycoprotein.
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Functional Loading and Surface Modification

Through genetic engineering and other means to load therapeutic molecules, combined with techniques such as
orthogonal biochemical surface modification, the targeting capability and stability of exosomes can be enhanced.'?
Haroon et al used orthogonal click chemistry to modify the surface of exosomes secreted by microglia with rabies virus
glycoprotein-derived 29-aa peptide, achieving brain-targeted and efficient delivery of the neuroprotective NH2-terminal
tandem PDZ-binding motif of the N-methyl-D-aspartate receptor 2B subunit. Evaluation data from the oxygen-glucose
deprivation model showed that the modified exosomes significantly increased the viability of Neuro-2a cells, reduced
oxidative stress levels and decreased the extent of brain injury.'?® Studies have shown that under inflammatory
conditions, macrophage-derived exosomes can readily cross the BBB, greatly improving the uptake rate of brain-
derived neurotrophic factor (BDNF) encapsulated within them.'?” Extensive research indicates that exosomes act as
reactive oxygen species (ROS) scavengers by regulating ROS-related signaling pathways while also delivering antiox-
idant proteins or enhancing ion reduction capacity mainly of iron ions, thereby effectively alleviating oxidative stress
responses.' 227139 In addition, the modified macrophage exosomes can deliver pioglitazone in a targeted manner,
reduce the intracellular reactive oxygen species content after TBI, and repair the mitochondrial membrane potential to
improve its respiratory metabolic function. Specifically, the researchers successfully connected the complement C3-
derived peptide to the exosome membrane via fusion protein plasmid transfection, and then hybridized the modified

exosome membrane with the platelet membrane to construct ROS-responsive multi-fusion nanosystem.'?'

Preparation of Biological Scaffolds by Combining with Nanomaterials
With the progression of research, diverse engineering strategies have emerged to incorporate exosomes into biomaterial
scaffolds, enabling investigators to tailor delivery systems that increasingly unlock the therapeutic potential of exosomes
for TBI. 3D printing technology has become a widely adopted method for fabricating biological scaffolds in materials
synthesis. Chen et al used this method to prepare a collagen/chitosan bioscaffold loaded with exosomes derived from
NSCs pretreated with interferon v.'>? This scaffold was designed to mimic the extracellular matrix, providing
a supportive microenvironment for neural tissue repair. It enhanced endogenous neurogenesis and angiogenesis while
mitigating neuroinflammation. Similarly, 3D-printed biological scaffolds delivering exosomes from BDNF-
preconditioned cells promoted axonal and myelination regeneration, and behavioral assessment indicates recovery of
motor and cognitive functions.'** 3D ultrafoam scaffolds made of type I collagen can also simulate the extracellular
matrix. Zhang et al seeded multipotent mesenchymal stem cells into 3D collagen scaffolds, and the amount of exosomes
secreted by the cells was twice that of culture dishes. Subsequent experiments demonstrated that exosomes isolated from
3D-cultured cells significantly increased the number of newborn endothelial cells in the dentate gyrus and improved
cognitive function in mice after TBL.'** In another study, exosomes derived from human adipose-derived stem cells were
immobilized on a PLGA scaffold via a dopamine coating. Both in vitro and in vivo experiments confirmed that this
method significantly enhanced the homing ability of MSCs in skull tissue and effectively induced bone regeneration of
skull defects after TBI.'*® Electrospinning represents another viable strategy for fabricating nanofibrous scaffolds. By
modifying electrospun polycaprolactone nanofibers with polydopamine, researchers successfully incorporated exosomes
from two types of stem cells—MSCs and NSCs. This innovative exosome delivery system not only improved exosome
loading efficiency but also exhibited combined anti-inflammatory and neurorestorative effects.'*®

Hydrogels are polymeric materials characterized by a three-dimensional network structure, high water content and
excellent plasticity, which can carry various therapeutic substances such as drugs and biological factors. As such, they
serve as outstanding biological scaffolds in the treatment of TBIL'*"'*® Researchers have leveraged polydopamine’s
mussel-mimetic adhesion to reinforce hydrogel adhesiveness, and this strategy has been widely adopted to fine-tune

hydrogel synthesis and design,'***'*°

after decorating polydopamine nanomotors with a brain-targeting peptide, the trans-
BBB flux was significantly boosted.'*" Li et al prepared a photo-crosslinkable hyaluronic acid derivative by chemical
modification. After mixing it with collagen, a hydrogel that simulated the extracellular matrix of brain tissue was
constructed to achieve sustained release of exosomes.'** Exosomes isolated from human deciduous dental stem cells

were encapsulated in a poly citrate-gallic acid(PLGA) composite hydrogel, which exhibited good antioxidant activity,
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effectively scavenging free radicals and reducing ROS production in microglia. It also had the ability to promote the
production of anti-inflammatory cytokines and inhibit neuroinflammation.'*

Short peptide chains can self-assemble into hydrogels or peptide-decorated gels through non-covalent interactions,
closely mimicking the architecture and function of the extracellular matrix. Their injectability allows in-situ gelation
within the injured brain, conforming precisely to the lesion cavity.'** RADA-16, a self-assembling peptide composed of
16 amino acids with repeating Arg-Ala-Asp-Ala sequences, has been previously demonstrated to serve as an ideal
backbone for nanoscaffolds. When combined with bioactive factors and stem cell transplantation, it can mitigate
inflammatory responses and apoptosis after TBL.'"*>"'*” Based on this, Mehrdad et al used stromal cell-derived factor-1
a combined with RADA-16 peptide to create a new type of nanoscaffold for delivering exosomes derived from human
embryonic NSCs. Their findings showed that the regeneration of neurons in the subventricular ventricle of the treatment
group was significantly increased, and the activation of glial cells in the injury site was reduced.'*® Compared with
polymer hydrogels, peptide gels assembled from natural amino acids offer a markedly better safety profile and rarely
trigger allergic or inflammatory responses.'>’ Their soft consistency reduces compression of brain tissue, however, the
limited mechanical strength hampers neovascular adhesion to the matrix, and potential scaffold collapse can lead to

uneven exosome release an instability that must be weighed in design.

Skull defects are often concomitant symptoms of TBI, leading researchers to focus increasingly on the repair of
cranial injuries after TBI to provide more comprehensive treatment for affected patients. Using microfluidic technology,
PLGA- Polyethylene Glycol -PLGA triblock copolymer microspheres were prepared to encapsulate exosomes derived
from human dental pulp stem cells, which enhance the mineralization capacity of osteoblasts and promote cranial bone
regeneration.'*® The ionic composition of B-tricalcium phosphate (B-TCP) is similar to that of bone tissue. Zhang et al
combined it with exosomes derived from MSCs and revealed the mechanism by which exosomes enhance bone
regeneration by activating the PI3K/Akt signaling pathway.'>® These studies used bone volume or density as the end
point; they did not record the residual amounts of microspheres or -TCP and provide no degradation kinetics. Because
calvarial repair is slow, scaffolds are normally engineered for prolonged degradation, yet their long-term persistence at
the brain—bone interface may exert chronic physical pressure or sustained inflammatory stimuli on the underlying neural
tissue.

Biological scaffolds further expand the utility of exosomes. 3D printing allows the geometry and dimensions of
a scaffold to be tailored to the defect, yet the shear forces, temperature shifts, or photopolymerization inherent in the
process can disrupt exosomal membranes or inactivate their cargo. Optimizing cross-linking chemistry and printing
parameters is therefore essential. Although polymer-based scaffolds offer high mechanical strength and stable structural
support, their stiffness may compress or injure brain tissue, so material design must explicitly match or buffer the
modulus mismatch with native neural tissue. Clearance rates of scaffolds vary with the time-course of repair, and long-
term safety data are still lacking. Moreover, incorporating robust behavioral readouts when evaluating biomaterial-based
therapies will accelerate the clinical translation of exosome-laden tissue-engineered constructs.

Clinical Translation and Challenges

Progress in Preclinical Research

Large animal models, characterized by cerebral structures and injury mechanisms that more closely resemble those of
humans, serve as a critical bridge for advancing exosome research toward clinical therapy. Primates are one of the more
commonly used large animal models in TBI research. Zhou et al observed a significant reduction in glutamate receptor 2/
3 in the cerebral cortex of aged rhesus monkeys following injury, along with enhanced coupling signals between
microglial complement protein C1q and synapses in primary motor cortex.'”' Canine and pig models also share certain
similarities in human physiological structure and can be used for related research after TBI. Liu et al encapsulated
hypoxia-induced umbilical cord MSC exosomes in 3D-printed collagen silk scaffolds and implanted them into the TBI
area of beagle dogs. The results showed that the composite biomaterial can significantly promote nerve fiber regeneration
and axon extension, and reconstruct the neurovascular unit while inhibiting inflammation. This study offers a novel
technical strategy for the clinical translation of exosome-based therapies.'>? Williams et al established a dual-hit model of
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TBI combined with hemorrhagic shock in female Yorkshire pigs and treated them with exosomes derived from human
BMSCs (hBMSCs), which markedly shortened recovery time. Notably, this study incorporated a “delayed treatment”
paradigm into the experimental design, effectively replicating the positive effects of delayed administration in a porcine
model, which is more consistent with the actual situation of injury.'>* Furthermore, they also found that early single-dose
hBMSCs-derived exosome treatment increased the level of brain-derived neurotrophic factor, upregulated genes involved
in synaptic transmission and neuronal development and differentiation while downregulated inflammatory genes, and
protected the integrity of the BBB.'>*'%¢ Bollard et al have made efforts in the standardization research of cross-species
exosomes. Following the MISEV2018 guidelines, they isolated and characterized EVs from human and canine plasma,
excluded non-EV contaminants, and showed that canonical markers such as CD63 and HSP70 are consistently expressed
in both species, thereby providing standardized evidence for cross-species exosome comparisons.'>’ In short, large
animal models bridge the gap between rodent studies and non-human primate trials in exosome research, thereby laying
a critical translational foundation for future clinical applications.(Figure 5).

Encouragingly, clinical validation of exosomes has entered the experimental stage. The Michigan Center for
Regenerative Medicine reported a clinical case of hBMSCs treating sTBI. The patient was a 33-year-old male who
had sustained sTBI in a traffic accident more than two years prior and had reached a rehabilitation plateau. The patient
received intravenous infusion of the commercially available exosome product ExoFlo™ (Manufactured by Direct
Biologics of the United States in accordance with current Good Manufacturing Practice (GMP) standards. The
concentration of exosomes is 60—80billion/mL) during the first week of each month, for a total treatment period of six

Figure 5 The translational research approach of exosome therapy for TBI. The research evolved from validation at the cellular level and in rodent models, progressed to
evaluating preclinical efficacy and safety in large animal models, and ultimately advanced to validation in clinical applications.
Abbreviations: hBMSC, human bone marrow mesenchymal stem cells; MSC, mesenchymal stem cells; TBI, traumatic brain injury.
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months. After 36 weeks, the overall score of the Functional Independence Measure/Functional Assessment Measure
increased by 48-55%.'® In a separate Phase 1 trial, Wharton’s jelly-derived MSC exosomes were administered through
combined intrathecal and intramuscular injections to five chronic-phase moderate—severe TBI patients whose injuries
were combat-related. Over the 18-week observation period, although gains in cognition and spasticity did not reach
statistical significance, the FIM motor scores and global quality of life improved significantly.'>® Both studies had small
sample sizes and lacked randomized controls, but they undeniably accelerated the clinical transformation of exosome
treatment regimens. In addition, breakthroughs have also been made in exosome-assisted clinical diagnosis. Using
plasma-derived neuronal exosomes from the Vietnam Era Twin Study of Aging a cohort in which 40% of
participants had a history of mild-to-moderate TBI, Michaela et al quantified AD-relevant proteins (AB40, AB42, p-tau
and NfL) with single-molecule arrays. All analytes were significantly altered in participants with prior TBI, and the

magnitude of change tracked with injury frequency, age at first injury and severity. The findings suggest that neuron-
derived exosome cargo proteins could serve as accessible biomarkers of TBI-related neurodegenerative risk.'°® Hu et al
developed an immunomagnetic exosome polymerase chain reaction platform to distinguish AD patients from healthy
people by detecting AP and phosphorylated tau protein in blood exosomes. This method is capable of detecting
biomarker concentrations as low as 10 fg/mL with a specificity of 95%.'°" Meanwhile, Ko et al proposed a brain-
derived extracellular vesicle-miRNA panel strategy to assess the severity and time window of TBI. They validated the
strategy’s diagnostic efficacy in 60 patients with Abbreviated Injury Scores of 2—5."%* These developments indicate that
exosomes are progressively advancing toward clinical application in the diagnosis and treatment of neurological
disorders, establishing a scalable technological paradigm for precision neurology.

Optimization of Administration Routes

When exploring exosomes as a novel therapeutic modality, the route of administration and the dose are the two variables
that most strongly govern efficacy. Current administration routes for exosomes include intravenous injection, intramus-
cular injection, intranasal delivery, and oral administration (Table 2). Owing to the physiological characteristics of
exosomes, intravenously injected exosomes can cross the BBB after reaching the brain tissue through the blood
circulation, targeting neurons, astrocytes and microglia, to achieve brain tissue damage repair.*™® But intravenous
injection needs to overcome the obstacles of its short half-life in the blood circulation and the existence of “off-target
effects”. In a clinical case report, a patient with chronic TBI received repeated intravenous infusions of 15 mL ExoFlo™
diluted in 85 mL normal saline.'*® This dose was chosen on the basis of safety data from an Expanded Access Protocol
(NCT05215288) and a Phase II trial.'®® For post-TBI spasticity, intramuscular injection is a reasonable option. One study
administered 3 x 10® exosomes in 3 mL via intrathecal and intramuscular routes per treatment cycle; six cycles were
completed, giving a cumulative dose of 3.6 x 10' exosomes. The regimen was well tolerated, with only mild and
transient adverse events.'>® Intranasal and oral administrations enhance patient compliance and are considered favorable
drug delivery options. Oral administration is more limited due to the gastrointestinal barrier and is primarily used for
delivering milk-derived exosomes in the treatment of gastrointestinal disease, and their efficiency after TBI remains to be
verified.'®*'%% In contrast to oral or intravenous routes, intranasal delivery allows exosomes to bypass the BBB and
directly enter the central nervous system via the olfactory nerve pathway. While this approach has been validated, its
efficacy is constrained by factors such as ciliary movement reducing exosomal retention, inefficient transport along the
olfactory/trigeminal nerve pathways, and low brain enrichment rates.'®*'°® The intranasal dose varies with the animal
model, therapeutic window and exosome source. Rats received 200pg of BMSC-EVs, whereas mice were given 10ug of
exosomes derived from human adipose-derived stem cells.'®®!”” Cross-species studies show significant dose variations,
which directly limit the reliability of clinical translation. Therefore, the pharmacodynamics and pharmacokinetics of
exosomes should be thoroughly investigated to establish safe and effective starting doses.

Standardization Challenges in Exosome Isolation

Heterogeneity of Exosome Sources and TBI

The functional of exosomes is tightly coupled to their cellular origin and molecular cargo. The heterogeneity of sources
and the pathological complexity of TBI constitute the primary obstacles to the clinical transformation of exosomes.
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Table 2 Research Progress on Exosome Therapy for TBI

Research Object Administration Route Endpoint Criteria Refs
Rats A single intranasal administration of hypoxia-pretreated BMSC-Exos Early functional improvement; [170]
(msTBI) (200 pg/100 pL) at 30 min post-injury, with a follow-up period of 28 Restoration of cerebral blood flow;
days. Reduction of neuronal apoptosis
Mice A single dose of hAD-MSC exosomes (10 pg, containing MALAT I) was Improvement in motor function and cognitive function; [169]
(mTBI) administered intranasally at 48 hours post-injury, with a follow-up Reduction in cortical lesion volume
period of 6-7 weeks.
Beagle dog A scaffold loaded with hypoxia-induced MSC exosomes (200 pg) was Improved neurological function; [152]
(msTBI) implanted immediately after injury, with a follow-up period of 6 months. Reduced impaired consciousness
Yorkshire pig Initial intravenous infusion of hMSC-Exos at 9 hours post-injury, with Accelerated neurological recovery within | day [153]
(sTBI + HS) additional administrations on days I, 5, 9, and 13, dose 1x10'? particles/ postoperatively;
4mL, follow-up for 30 days. Long-term neurological improvement
A single dose of hMSC-Exos (1%10'? particles/5 mL LR) was Reduction in brain swelling; [155]
administered intravenously | hour post-injury, with a follow-up period Reduction in brain lesion size;
of 6 hours. Decrease in intracranial pressure
A single dose of hMSC-Exos (1%10'? particles/5 mL LR) was Brain lesion reduction; [154]
administered intravenously | hour post-injury, with a follow-up period Inflammation mitigation;
of 7 days. Early neurological improvement
Aging rhesus monkeys Intravenous infusion of MSC-Exos was administered at 24 hours and 14 Recovery and enhancement of fine [I151]
(Cortical injury of MI) days postoperatively, with a dose of 4x10'" particles each time, with motor function in the hand;
a follow-up period of 14-16 weeks. Reduced inflammatory response
Human Combined intrathecal (3 mL) and intramuscular (3 mL) injection of Improvement in FIM motor score and KPS score [159]
(Chronic TBI) Wharton'’s jelly-derived MSC exosomes (30%10° particles/3 mL) was
administered at weeks 0, 2, 6, 10, 14, and 18 post-injury, with a follow-
up period of | year.
Human Intravenous infusion of hBMSC-Exos (ExoFlo™) was administered at Improvement in FIM motor score and FAM score [158]
(sTBI) a dose of 15 mL per infusion, three times per week for 6 months,
followed for 36 weeks.

Abbreviations: msTBI, moderate-severe TBI; mTBI, mild TBI; sTBI, severe TBI; HS, haemorrhagic shock; M1, primary motor cortex; Exos, exosomes; BMSC, Bone marrow
stromal cell; hAD-MSC, human adipose-derived mesenchymal stem cell; MSC, mesenchymal stem cell; hMSC, human mesenchymal stem cell; LR, lactated ringer; FIM,
functional independence measure; KPS, karnofsky performance status; FAM, functional assessment measure.

Secretory state adds a second layer of variability —— the same cell type can release phenotypically distinct exosomes
under different physiological or pathological conditions. MSCs exposed to neuroinflammatory cues, for example,
package exosomes that simultaneously up-regulate both pro- and anti-inflammatory mediators, producing a dual immu-
nomodulatory signature.’® By contrast, hypoxia biases the cargo toward neuroprotective molecules that limit neuronal
apoptosis.'’! In tissue-engineered therapies, scaffold chemistry and surface modification govern loading efficiency and
release kinetics, indirectly shaping downstream bioactivity. As biomarkers, exosomes are typically harvested from
peripheral blood, but brain-derived vesicles are interfered with by ubiquitous circulating exosomes, thereby reducing
the specific enrichment of central nervous system signals.

TBI is highly heterogeneous. The type and severity of injury, the stage of disease course, and individual patient
differences all lead the brain tissue to present distinct pathological states. Especially in the aspect of biomarker
monitoring, injuries of different degrees induce the release of different exosomes as signalling molecules, and their
expression levels change dynamically with injury time and disease progression, resulting in limited timeliness. This
heterogeneity makes it difficult to personalize the therapeutic effect of exosomes. Therefore, identifying an appro-
priate therapeutic window according to the manifestations of acute and chronic injury is a central step for clinical

application.

Immunogenicity and Regulatory Risks

As a cell-free therapy, exosomes lack a nucleus and proliferative capacity, avoiding the potential tumorigenesis risks and
intercellular fusion toxicity that may occur in traditional stem cell transplantation. Their surface carries only trace major
histocompatibility complex molecules, so their immunogenicity is markedly lower than that of living cells, dampening
both immune rejection and inflammatory responses. Nevertheless, exosomes are not risk-free: if the parental cells or
body fluids harbour pathogens, cross-infection remains possible. Regulators such as the FDA, the European Medicines
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Agency and National Medical Products Administration have not yet approved any exosome product. They classify
exosomes as “biologics” or “advanced therapy medicinal products” and subject them to the same stringent evaluation
pathway used for similar cell therapies.'’? Establishing a robust quality-control framework that meets Good
Manufacturing Practice standards is an essential step toward clinical translation.

Functionalization strategies have improved the therapeutic potential of natural exosomes, yet their clinical transla-
tion is hindered by stringent regulatory hurdles and safety concerns. Genetic editing or chemical grafting shifts
exosomes from simple biologics to engineered “bio-hybrids” that defy existing classification frameworks, creating
a formidable regulatory barrier. Surface decoration with foreign proteins or non-natural motifs can remodel exosome
surface antigens, disturb immune recognition and trigger inflammatory or allergic reactions. Although exosomes
themselves lack nuclear DNA, the parental cells are often modified with integrating vectors such as adenovirus or
lentivirus; the genomic stability and biosafety profile of these engineered cell lines must therefore be rigorously
scrutinized.

Challenges in Separation and Purification
The MISEV2023 guidelines issued by the International Society for Extracellular Vesicles (ISEV) update the criteria for
isolating and characterizing extracellular vesicles: After isolation, vesicles should be profiled against three positive
markers (transmembrane/lipid-bound proteins such as CD9 and CD63, or cytosolic/endosomal proteins like Alix and
TSG101) and one negative marker (GM130 or Calnexin). Particle concentration should be determined with nanoparticle
tracking analysis or flow cytometry. Functional studies must state the exact vesicle source and provide a defined dose to
allow replication.'”

However, current isolation strategies still have limitations: (1) ultracentrifugation is a mature operation and remains
the primary standard for exosome isolation, yet its non-selective sedimentation co-pellets abundant protein complexes

and lipoproteins, and the high centrifugal force can compromise exosome structural integrity;'’*'">

(2) density-gradient
centrifugation effectively removes lipoproteins and yields high-purity fractions, but the protocol is labor-intensive, time-
consuming, and gives low recovery;'’® (3) size-exclusion chromatography efficiently depletes free proteins, yet VLDL
and IDL lipoproteins overlap closely with exosomes in size, leading to co-elution;'’” (4) asymmetric-flow field-flow
fractionation avoids shear-induced damage and provides high-resolution particle analysis, but the procedure is complex,
the instrumentation is costly, and scale-up is challenging.'”® In addition, immunoaffinity capture and polyethylene-glycol
precipitation have been incorporated into commercial exosome kits, but their performance still requires validation.'”
Figure 6 schematically compares the yield and specificity of these isolation methods, and each has inherent limitations.
(Figure 6) Consequently, the MISEV2023 guideline recommends sequential purification with complementary techniques
to improve specificity. Researchers have begun corresponding explorations. Tayebi et al coupled microfluidics with
acoustics and raised exosome purity to 95%.'*® The same acoustofluidic approach efficiently isolates plasma
exosomes.'®! A tilted-angle standing surface acoustic wave (taSSAW) device has further expanded the microfluidic

toolbox by adding precise control of acoustic pressure, flow rate and tilt angle.'

Many studies still do not report all
isolation parameters; future work should meet the transparency requirement so that the protocols can be more widely

adopted.

Lack of Clinical Evidence

Research on exosomes in TBI remains largely preclinical. Although studies in rodent models have shown clear
neuroprotection, the differences in brain architecture, immune responses and injury complexity between these animals
and humans prevent direct translation. Most reports focus on histological end-points and short-term functional recovery,
while the cognitive deficits and mood disturbances common in human TBI are rarely addressed. Preclinical data from
large-animal models supply partial evidence, yet sample sizes are small and engineered exosomes have seldom been
tested. Clinical trials have begun, but they are typically single-centre, include few participants, suffer from patient
selection bias, lack standardized outcome measures and provide limited safety information. Progress from bench to
bedside will require adequately powered randomized controlled trials and large cohort studies to establish both efficacy
and long-term safety.
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Figure 6 The yield and specificity of various exosome isolation methods. The dashed blue arrow indicates that multiple methods are combined to increase specificity.
Sourced from Welsh, J. A.'” via the Journal of Extracellular Vesicles under a CC BY 4.0 license. Canonical URL:https:/creativecommons.org/licenses/by/4.0/.

Disputes Over Ethical Norms

The ethical debate surrounding exosomes stems mainly from their cellular origin and the associated biosafety concerns.
Research involving exosomes derived from both animal and human sources must undergo strict ethical review. Stem-cell
exosomes are a common research source, yet any recovery from human tissue must follow the principle of voluntary,
non-remunerated donation and be approved by the ethics committee of the relevant medical institution. The clinical
translation of exosomes remains at an early stage, and their potential risks are still unclear. Hazards such as pathogen
transmission and cross-reactive immune responses, particularly those associated with exosomes derived from embryonic
or gene edited cells, have not been ruled out. In addition, the regulatory classification of exosomes is ambiguous, some
companies may skip adequate safety assessment, and the compliance of exosome-based applications is highly uncertain.
Regulatory agencies worldwide need to establish standardized ethical review and oversight mechanisms and to formulate
review principles.

Conclusion and Prospect

The Potential of Exosomes in the Application of TBI

Exosomes assemble a multi-target neuroprotective network by modulating inflammation, fostering neuronal regrowth,
participating in vascular repair, and ameliorating cognitive deficits. Exosomes play a crucial role in regulating the NF-xB
and PI3K/AKT pathways to alleviate inflammation and apoptosis, and their high repeatability verification provides
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reliable targets for treatment. However, the inflammatory network triggered by TBI is intricate. During the acute phase,
exosomes released by injured neurons or activated microglia are rich in miR-21 and can aggravate the inflammatory
milieu.'®® Because the cell of origin shapes the therapeutic outcome, the molecular cargo reported by different groups
overlaps only modestly, with miR-124-3p being the most consistently examined. These cargo molecules have shown
efficacy in rodent models, and MSC-derived exosomes have already produced functional gains in early-stage clinical
trials, indicating that exosome-based therapy is feasible. To enhance targeting, investigators have engineered the surface
of exosomes with specific ligands or homing peptides.'**'®> Combining exosomes with biocompatible scaffolds prolongs
their sustained release, while the scaffold itself mimics the extracellular matrix, furnishing structural support to the
injured brain and providing a stable niche for the exosomes, thereby cooperatively promoting neuronal adhesion and
microvascular formation.

In diagnostics, exosomes carry multi-omics information, and their phospholipid bilayer shields the cargo, enabling
a wider and more stable detection window that supports repeated sampling and longitudinal tracking. Researchers have
identified RNA and proteins that are differentially expressed in TBI-derived exosomes, which help to grade injury
severity; moreover, the time-dependent profile of certain cargoes allows for dynamic disease assessment. Plasma GFAP
and UCH-LI are already FDA-approved biomarkers, and both are enriched in exosomes. Their combined readout has
been shown to outperform either marker alone.

Future Research Direction

Exosomes, as a cell-free therapy, greatly reduce the risks of tumorigenicity, immune rejection, and cell-fusion toxicity
associated with cell transplantation, offering a new paradigm for overcoming the limitations of traditional TBI diagnosis
and treatment. However, the marked heterogeneity of TBI has created bottlenecks for clinical translation. Future work
should therefore dissect the pathological differences among TBI subtypes and across injury phases to clarify the
activation profiles of core regulatory pathways and the key molecular targets at each stage, thereby helping to define
optimal treatment windows. To date, the therapeutic efficacy of exosomes for TBI has been validated mainly in animal
models, and large-scale randomized controlled trials are still lacking. Studies should therefore expand clinical cohorts,
recruit patients from diverse regions and populations, adhere strictly to randomized controlled designs, and analyze
optimal routes of administration and dosing regimens while systematically assessing both short-term efficacy and long-
term prognosis. For engineered exosomes, functional benefits and safety profiles need to be balanced by refining targeting
modifications that enhance specificity without introducing additional hazards. Parallel efforts must address issues such as
scaffold biodegradability to ensure long-term material safety. In addition, investigators can explore exosome-based
combination therapies to construct multimodal treatment strategies.

In the biomarker field, sample sources must be expanded and multicenter prospective cohorts established so that
confounding effects on marker expression can be systematically evaluated and phenotype-specific panels for distinct TBI
subtypes can be defined. Active efforts are also needed to enrich brain-derived exosomes and to minimize contamination
by peripheral exosomes, improving diagnostic accuracy. In addition, isolation and purification procedures should be
optimized in accordance with MISEV guidelines. Current challenges, such as low yield and limited purity, should be
addressed by combining complementary techniques or developing novel separation methods. A production process and
quality-control system that meet GMP standards are also required to ensure batch-to-batch consistency and to provide
a basis for reproducible and comparable clinical studies.

As clinical research advances, technology evolves and regulatory frameworks mature, exosomes may become a new
tool for both the treatment and diagnosis of TBI.
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