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Abstract: Given the intricate anatomy of otolaryngology–head and neck (OHNS) regions and the inherent limitations of conventional 
therapies, many OHNS diseases have suboptimal clinical outcomes. As natural intercellular mediators, exosomes have demonstrated 
unique application potential in OHNS treatment in recent years, thanks to their high biocompatibility, low immunogenicity, and 
intrinsic targeting capabilities. However, such issues as limited drug-loading capacity, suboptimal in vivo stability, and insufficient 
targeting precision still hinder their clinical translation. Notably, recent advances in engineering strategies such as genetic editing, 
surface modification, and optimized drug loading enhance natural exosomes’ functionality, boosting targeting accuracy, in vivo 
stability, and therapeutic efficacy. Considering conventional therapy limitations and engineered exosomes’ unique potential, this 
review synthesizes their progress, mechanisms, and translational challenges in OHNS, and addresses lingering technical and transla
tion barriers via interdisciplinary collaboration to optimize their design, utility, and bench-to-bedside translation, as these exosomes are 
promising precision tools for refractory OHNS diseases advancing precision medicine in the field. 
Keywords: engineered exosomes, otorhinolaryngological tumors, inflammatory diseases, tissue regeneration and repair, targeted 
delivery

Introduction
Background on OHNS Diseases
With growing public demand for a high quality of life, otorhinolaryngology-head and neck (OHNS) diseases have 
attracted increasing attention. OHNS diseases such as otitis media, age-related hearing loss, allergic rhinitis, chronic 
sinusitis, chronic pharyngitis, obesity-linked obstructive sleep apnea hypopnea syndrome, laryngeal carcinoma, naso
pharyngeal carcinoma and thyroid carcinoma exhibit high prevalence or marked incidence growth.1,2 Clinically, these 
disorders pose multiple management challenges: high recurrence, frequent complications, refractory sensorineural 
hearing loss due to irreversible hair cell damage, and head and neck tumor heterogeneity with variable gene expression, 
metabolism, and treatment responses.3–6 As conventional drugs suffer from poor targeting and suboptimal efficacy, while 
surgical therapies are highly invasive and fail to repair irreversible damage, there is an urgent need for novel therapeutic 
platforms to address such unmet clinical needs.

Exosomes in Disease Management
Exosomes are nanoscale extracellular vesicles secreted by cells,7 characterized by unique structural properties and 
diverse biological functions. Structurally, they measure 30–150 nm in diameter, have a cup-shaped or spherical 
morphology, and are enclosed in a lipid bilayer carrying proteins, lipids, and nucleic acids.8 These features confer 
enhanced stability and multifunctional potential. Functionally, they act as intercellular messengers transferring bioactive 
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molecules to modulate recipient cells9–11 carriers of nutrients and genetic material12 immune modulators regulating 
immune responses and tolerance and tissue repair agents supporting damaged tissue regeneration.13 Their structural 
uniqueness, functional versatility, and intrinsic trafficking capacity make exosomes promising platforms for diagnosis, 
therapy, and drug delivery. Exosome research has grown exponentially over five decades with global annual publications 
increasing from 1 in 1973 to 1809 by mid-2025 and 246 clinical trials registered since 1999 indicating rapid clinical 
translation progress (Figure 1).

However, natural exosomes suffer from inherent limitations including insufficient targeting precision from lack of 
tissue-specific recognition molecules, limited drug-loading capacity for therapeutics like chemotherapeutics or nucleic 
acids and suboptimal in vivo stability.14 These drawbacks make natural exosomes unfit for OHNS clinical demands 
prompting engineered modifications.15 (Figure 2).

Engineered Exosomes: Mechanisms and Applications
Engineered exosomes are nanoscale vesicles functionally modified via biotechnological approaches, designed to achieve 
functional enhancement, meet specific clinical demands16 and overcome the inherent limitations of natural exosomes17 

Consequently, they exhibit enhanced performance in applications such as disease treatment, diagnostic imaging, and 
biomolecule delivery. Notably, several therapeutic strategies utilizing engineered exosomes have advanced to clinical 
trial phases in fields including oncology and neurodegenerative disorders (Table 1).

Engineered exosomes exert therapeutic effects via four key mechanisms (Figure 2) with clear molecular bases. First, 
targeted delivery and smart drug loading: functional modifications such as TAxI peptide conjugation enhance blood brain 
barrier penetration23 while BDNF loading boosts delivery efficiency,24 improving targeting precision and treatment 
efficacy. Second, immune modulation and inflammatory intervention: they reprogram M1 to M2 macrophages25 carry 
siRIPK326 target CCR6+ sites to suppress Th17 cells and activate Tregs27 or deliver PD-L1 to inhibit Tfh cell 
polarization,28 alleviating inflammation in autoimmune and inflammatory diseases. Third, tissue repair and regeneration: 
AMSC derived exosomes released via pH responsive hydrogels29 stem cell exosomes combined with oxygen releasing 
nanoparticles30 galactose modified GPEG EXOs31 and TEPEP exosome based patches32 promote angiogenesis wound 
healing liver protection and tendon repair through molecular mediated pathways. Fourth, metabolic regulation: MSC 
EXO modulates miR-126 miR-21 and miR-145 to reshape glycolipid metabolism in PCOS.33 Despite early-stage 
research in otorhinolaryngology head and neck surgery their unique biological properties hold significant application 
potential.

Figure 1 Annual Number of Publications on Exosomes and Engineered Exosomes (1973–2025). Data were retrieved from the Web of Science Core Collection database. 
Publications were retrieved using the following terms in the Keywords field: “exosome” OR “engineered exosomes”.
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This review summarizes recent advances in the application of engineered exosomes, modified through various 
biotechnological techniques, for the treatment of diseases in OHNS. It highlights the distinctive advantages of engineered 
exosomes over conventional therapies in addressing the unique clinical challenges of OHNS and discusses key 
challenges as well as corresponding potential strategies regarding targeting precision, quality control, and clinical 
translation. By integrating current research findings, we aim to provide a comprehensive overview of how engineered 
exosome technologies can effectively address unmet clinical needs in OHNS. Ultimately, this work seeks to contribute to 
improved patient outcomes and pave the way for future innovations in therapeutic strategies for OHNS diseases.

Review Methodology
Literature Search Strategy
We conducted a comprehensive systematic search of three core biomedical databases: Web of Science (Core Collection), 
PubMed, and Scopus, covering publications from January 1999 to October 2025 ((consistent with the time span of the 
included literature, where 98% of studies are published after 2015, and the latest studies include 2025 publications). The 
search strategy combined key terms and Boolean operators to ensure inclusivity of relevant studies, with the following 
keywords and combinations:

Figure 2 Engineered modification of natural exosomes and their core therapeutic mechanisms in disease treatment (Created with BioRender.com). This schematic first 
illustrates the transformation process of natural exosomes into engineered exosomes: Natural exosomes (left) contain membrane proteins and endogenous contents, but 
they have inherent limitations such as insufficient targeting precision, limited drug-loading capacity, and suboptimal in vivo stability. Through surface modifications and loading 
of cargos, functionally enhanced engineered exosomes (middle) can be obtained. It also demonstrates four core mechanisms by which engineered exosomes exert 
therapeutic effects in disease management, each represented by a distinct colored module: (1) Precise Targeted Delivery (Blue), (2) Immune Regulation (Green), (3) Tissue 
Repair and Regeneration (Orange), (4) Metabolism Regulation (Purple). Note: Upward arrows (↑) indicate upregulation, promotion, or increase, while downward arrows (↓) 
indicate downregulation, inhibition, or decrease.

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S574708                                                                                                                                                                                                                                                                                                                                                                                                       3

Zhu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Primary keywords: “engineered exosomes”, “modified exosomes”, “exosome engineering”, “otolaryngology–head 
and neck diseases”, “OHNS”, “nasal diseases”, “ear diseases”, “head and neck tumors”, “laryngeal diseases”; Synonym 
expansions: “extracellular vesicle engineering”, “targeted exosomes”, “cargo-loaded exosomes”, “otolaryngological 
disorders”, “head and neck squamous cell carcinoma (HNSCC)”; Combined search strings (eg, “engineered exosomes” 
AND (“OHNS” OR “otolaryngology–head and neck diseases”) AND (“therapy” OR “treatment”)).

Inclusion and Exclusion Criteria
Inclusion criteria: (1) Original research articles (preclinical or clinical), review articles, and systematic reviews focusing 
on engineered exosomes (via genetic modification, surface modification, cargo loading, etc.) for OHNS disease treat
ment; (2) Studies published in English with full-text availability; (3) Research providing clear data on modification 
strategies, therapeutic outcomes, or mechanistic insights.

Exclusion criteria: (1) Studies on natural (unmodified) exosomes alone; (2) Non-OHNS disease-focused research; (3) 
Abstract-only publications, conference proceedings, case reports, and non-peer-reviewed manuscripts; (4) Studies with 
insufficient technical or outcome details.

Literature Selection and Data Extraction
The literature screening process adhered to the PRISMA 2020 guidelines: (1) Initial screening of titles and abstracts by two 
independent authors (Author A and Author B) to exclude irrelevant studies; (2) Full-text review of potentially eligible studies 
by the same two authors to confirm compliance with inclusion criteria; (3) Resolution of discrepancies through discussion 
with a third author (Author C) to ensure objectivity; (4) Data extraction of key information: study type, modification strategy, 
target OHNS disease, model system (in vitro/in vivo/clinical), therapeutic outcomes, and limitations.

Quality Assessment
For preclinical studies, we used the SYRCLE’s Risk of Bias Tool to evaluate methodological quality (eg, randomization, 
blinding, sample size justification); for clinical studies, the Newcastle-Ottawa Scale (NOS) was applied to assess 
selection bias, comparability, and outcome measurement. Only studies with moderate to high quality (SYRCLE score 
≥ 6/10; NOS score ≥ 5/9) were included in the final synthesis to ensure the reliability of the summary.

Table 1 Engineered Exosomes That Have Entered Clinical Trials

Name Applicable 
Disease

Therapeutic Principle Clinical 
Trial

Reference

Pep2-Exos-DOX Glioblastoma Functional oligopeptide-modified exosomes enhance blood–brain 

barrier penetration for targeted delivery of doxorubicin (DOX), 

leading to suppression of tumor growth

Phase I [18]

7D12-mExo-M2pep- 

siPDL1

Triple-negative 

breast cancer 

(TNBC)

Dual-targeted engineered milk exosomes deliver siPDL1 to 

knockdown PD-L1 expression in tumor-associated macrophages 

(TAMs), resulting in remodeling of the immune microenvironment

Preclinical 

(Model 

Validation)

[19]

CD47-Exo-Erastin-RB Hepatocellular 

carcinoma 

(HCC)

CD47-mediated evasion of immune phagocytosis enables targeted 

delivery. The exosomes are co-loaded with the ferroptosis inducer 

Erastin and photosensitizer Rose Bengal (RB) to synergistically induce 
tumor cell ferroptosis

Phase II [20]

GAP43-Exo-Que Ischemic Stroke Anti-GAP43 antibody-conjugated exosomes activate the Nrf2/HO-1 

pathway, leading to a reduction in cerebral infarct area

Phase I [21]

Fe65-EXO-Cory-B Alzheimer’s 

disease (AD)

Fe65-engineered exosomes deliver the autophagy inducer Corylin 

B (Cory-B), thereby reducing Aβ deposition

Phase I [22]
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Therapeutic Applications of Engineered Exosomes in 
Otorhinolaryngology-Head and Neck Diseases (Figure 3)
Research Progress on Engineered Exosomes in Ear Diseases (Figure 4)
Significant advancements have been made in recent years in the application of engineered exosomes for the treatment of 
ear diseases. By leveraging mechanisms such as precise cellular signaling regulation, targeted delivery of therapeutic 
molecules, and immunomodulation, engineered exosomes provide innovative strategies for managing disorders of the 
external, middle, and inner ear. The following section highlights recent research progress, with a focus on the diverse 
mechanisms through which engineered exosomes exert their effects in auditory pathologies.

Targeted Delivery Function: Precise Localization to Pathological Tissues in the Ear
Engineered exosomes can achieve site-specific enrichment and localized therapeutic action in pathological ear tissues 
through surface modifications or intelligent carrier design. In outer ear disorders, studies demonstrate that surface- 
modified engineered exosomes specifically target auricular chondrocytes, stimulating the proliferation of microtia 
chondrocytes and facilitating cartilage regeneration.34,35 For middle ear diseases, these exosomes can be directed to 
the tympanic membrane, promoting its complete regeneration.36 Furthermore, modified exosomes exhibit specific affinity 

Figure 3 Therapeutic Applications of Engineered Exosomes in Otorhinolaryngology–Head and Neck Diseases. (Created with FigDraw, https://www.figdraw.com). 
Abbreviations: OE, Otitis Externa; OM, Otitis Media; SNHL, Sensorineural Hearing Loss; ME, Microtia; AIED, Autoimmune Inner Ear Disease; CRS, Chronic Rhinosinusitis; 
AR, Allergic Rhinitis; NT, Nasal Trauma; PH, Pharyngolaryngitis; TPT, Throat and Pharyngeal Tumors; NPC, Nasopharyngeal Carcinoma; OSCC, Oral Squamous Cell 
Carcinoma; LC, Laryngeal Carcinoma; TC, Thyroid Carcinoma; CLNM, Cervical Lymph Node Metastasis.
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for inner ear hair cells, enhancing cytoprotection through the overexpression of protective proteins or mitigation of 
ototoxic drug damage, thereby preserving auditory function.37–43

The blood-labyrinth barrier (BLB) is a selectively permeable interface that separates systemic circulation from the 
inner ear fluids, maintaining the unique homeostatic environment of the labyrinth. It also presents a major obstacle for 
therapeutic interventions, as it restricts the entry of most drugs and molecules into the inner ear.18 To overcome this 
challenge, drawing from strategies developed for the blood–brain barrier (BBB), targeting approaches involving the low- 
density lipoprotein receptor-related protein 1 (LRP1) have been explored. This represents an exciting area of research 
that could significantly enhance our ability to deliver therapeutics directly to the inner ear. For instance, IgG antibodies 
encapsulated in Angiopep-2-modified polymers have been successfully delivered to the central nervous system in mice.44 

These advancements highlight the potential of engineered exosomes not only for targeted delivery but also for improving 
the efficacy of treatments that otherwise would be limited by the BLB. This methodology has inspired BLB-directed drug 
development, including the synthesis of an LRP1-specific binding ligand—inner ear-targeting peptide 2 (IETP2)—which 
enables the targeted delivery of conjugated small-molecule compounds to the inner ear.45 Additionally, local delivery 
routes such as the round window membrane and stapes footplate are critical for exosome accumulation in perilymph: the 
round window membrane’s permeability to nanoscale vesicles and the stapes-mediated entry into vestibular perilymph 
both contribute to enhanced inner ear targeting efficiency.46 Incorporating these insights into future engineered exosome 
designs could revolutionize treatment protocols for various inner ear disorders. Future efforts may utilize BBB-targeted 
engineered exosomes for BLB penetration, enabling precise drug delivery to the inner ear, minimizing systemic 
exposure, and enhancing therapeutic precision. By leveraging such innovative strategies, we foresee a new era of 
targeted therapies that can more effectively address the complexities of ear diseases, ultimately leading to improved 
patient outcomes.

Figure 4 Blood-Labyrinth Barrier (BLB) Crossing and Inner Ear Therapy. (Created with BioRender.com). Schematic illustration of the mechanism by which engineered 
exosomes cross the blood-labyrinth barrier (BLB) to target the inner ear. Surface-modified with inner ear-targeting peptide 2 (IETP2), engineered exosomes bind to LRP1 
receptors on BLB endothelial cells, penetrate the barrier via transcytosis, and then target inner ear hair cells. By inhibiting the NF-κB pathway to reduce reactive oxygen 
species (ROS) production, these exosomes exert hair cell protection, ultimately lowering the hearing threshold and enhancing hair cell survival.
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Immunomodulatory Function: Regulation of the Inflammatory Microenvironment in the Ear
Inflammation plays a critical role in the pathogenesis of hearing loss associated with various ear disorders. Engineered 
exosomes can attenuate inflammatory responses by targeting the delivery of anti-inflammatory molecules. For example, 
neural stem cell-derived exosomes overexpressing miR-21 have been shown to protect against hearing loss following 
ischemia-reperfusion injury (IRI) by suppressing inflammatory processes within the mouse cochlea. This intervention 
reduces the auditory brainstem response threshold, downregulates pro-inflammatory cytokines such as IL-1β and TNF-α, 
and upregulates the anti-inflammatory cytokine IL-10.19,47 These findings underscore the potential of engineered 
exosomes as novel therapeutic agents that can effectively modulate the inflammatory microenvironment in the ear, 
paving the way for more targeted interventions.

Meanwhile, exosomes derived from mesenchymal stem cells modulate autophagic activity in hair cells, providing 
protection to inner ear sensory cells and enhancing their survival.37 This suggests that harnessing the immunomodulatory 
capabilities of these exosomes could lead to significant advancements in treating not only hearing loss but also other 
inflammatory conditions of the ear.

In conclusion, the ability of engineered exosomes to regulate inflammatory responses offers a promising avenue for 
therapeutic intervention in ear disorders. As research progresses, it will be essential to explore the mechanisms under
lying exosome-mediated immunomodulation further and to translate these findings into clinical settings. Future studies 
should focus on optimizing exosome production and characterization to enhance their therapeutic efficacy while 
minimizing potential side effects.

Tissue Healing and Regenerative Functions: Promotion of Ear Structure Reconstruction
Studies have demonstrated that surface-modified engineered exosomes can specifically enhance the proliferation of 
microtia chondrocytes, facilitating cartilage regeneration.34,35 Additionally, targeted exosome systems have been shown 
to promote complete regeneration of the tympanic membrane.36 These advancements highlight the potential of engi
neered exosomes as innovative therapeutic tools for reconstructive procedures in ear disorders, potentially transforming 
standard treatment protocols.

Hearing function depends on the proper activity of the auditory nerve, and engineered exosomes have exhibited 
regenerative effects on damaged auditory neural pathways. Research indicates that these exosomes enhance functional 
mechanisms, such as cellular adhesion and axonal guidance, while activating repair-related signaling pathways, including 
the PI3K–AKT and mTOR pathways. These effects collectively promote a pro-regenerative phenotype in neural cells and 
stimulate axonal growth.48 This underscores the critical role of engineered exosomes in not only repairing damaged 
tissues but also in actively promoting the functional restoration of auditory pathways, which is essential for recovering 
hearing abilities. Furthermore, engineered exosomes mediate beneficial alterations in gene expression within mouse 
cochlear tissues, supporting auditory nerve repair and improving conductive auditory function.49

Beyond neural repair, engineered exosomes have been reported to scavenge excess reactive oxygen species (ROS), 
enhance tissue vascularization and angiogenesis, and regulate local oxygen supply in ischemic environments, as 
evidenced in cardiac repair models.50–52 These properties suggest that engineered exosomes possess multifunctional 
capabilities that could be leveraged in ear regeneration strategies, addressing both tissue healing and vascular support. 
For instance, incorporation of vascular endothelial growth factor (VEGF) into engineered exosomes enables specific 
targeting of cochlear stria vascularis endothelial cells, stimulating their proliferation and regeneration, restoring endo
lymphatic ion homeostasis, and ultimately improving auditory outcomes.53 As we look to the future, it will be crucial to 
explore the synergistic effects of combining different regenerative factors within engineered exosomes, which may 
enhance their therapeutic efficacy in treating complex ear disorders.

Cytoprotective Function: Protection Against Auditory Cell Injury
Inner ear hair cells are susceptible to damage from various factors, including aging, noise exposure, and ototoxic drugs, 
often resulting in hearing impairment. Studies have confirmed that exogenous exosomes can activate autophagy and 
protect inner ear hair cells through endocytosis-dependent mechanisms.37 Engineered exosomes further mitigate ototoxic 
damage or enhance cellular protection by overexpressing specific protective proteins.38–40 This underscores the potential 
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of engineered exosomes not only as passive protectors but as active modulators of cellular pathways critical for 
maintaining hair cell integrity. Additionally, genetic modification enables these exosomes to overexpress remodeling 
factors and miRNAs, augmenting their ability to safeguard hair cells.41,42 For example, engineered exosomes have been 
shown to reduce drug-induced apoptosis and oxidative stress in hair cells through the miR-182-5p/FOXO3 signaling 
pathway.43 These findings highlight the significance of targeted molecular interventions in enhancing the resilience of 
auditory cells against damaging stimuli. Notably, inner ear-derived exosomes can serve as biomarkers reflecting hair cell 
status, offering particular utility during ototoxic drug treatments.54

Through their capabilities in targeted delivery, immunomodulation, tissue repair, cytoprotection, and genetic regula
tion, engineered exosomes constitute a multifaceted intervention platform for auditory disorders. This versatility posi
tions them as promising candidates for developing comprehensive treatment strategies that address both the prevention 
and management of hearing loss. Their functional scope encompasses the entire ear anatomy—from the external ear 
cartilage to the inner ear hair cells—providing tailored therapeutic strategies for challenging conditions such as microtia, 
otitis media, and sensorineural hearing loss. Future research should prioritize the development of intelligent delivery 
systems and interdisciplinary integration to refine functional integration and accelerate the clinical translation of these 
systems. As we move forward, it is essential to explore the integration of engineered exosomes with other emerging 
technologies, such as gene editing and nanotechnology, to develop more effective interventions.

Research Progress on Engineered Exosomes in Nasal Diseases (Figure 5)
As the primary interface between the respiratory tract and the external environment, the nose is frequently exposed to 
pathogens, allergens, and irritants, making it susceptible to conditions such as allergic rhinitis, chronic rhinosinusitis, and 
nasal polyps. Although conventional treatments—including corticosteroids, antibiotics, and surgery—can provide symp
tomatic relief, they are often limited by systemic side effects, inadequate local targeting, and high recurrence rates. These 
limitations underscore the urgent need for novel therapeutic approaches that can effectively modulate chronic immune 
dysregulation and achieve precise interventions at the molecular level.

In contrast, engineered exosomes offer a promising alternative through surface modifications for targeted delivery and 
the encapsulation of therapeutic molecules. By enhancing their delivery mechanisms, these tailored exosomes can 
selectively accumulate at nasal lesion sites, regulate the local immune microenvironment, and promote tissue repair, 
thus presenting a strategic approach for managing nasal diseases.

Regulation of Immune Response
Engineered exosomes play a pivotal role in modulating immune cell functions and attenuating excessive immune 
activation, offering therapeutic benefits in nasal inflammatory diseases. In allergic rhinitis, modified exosomes increase 
concentrations of IFN-γ and TGF-β while reducing IL-4 and IgE levels, resulting in a significant alleviation of allergic 
airway inflammation and improvement in symptoms such as nasal itching, sneezing, and rhinorrhea.55 This shift in the 
cytokine profile highlights the potential of engineered exosomes to reprogram the immune response, providing a more 
balanced and less inflammatory state. Additionally, lncRNA-engineered exosomes can induce the differentiation of naïve 
T cells into regulatory T cells (Tregs), upregulate Foxp3 expression, inhibit Th2 cell overactivation, and reduce IgE 
production and eosinophil infiltration.56,57 These exosomes can also be loaded with calcium channel blockers (eg, 
verapamil) or protease inhibitors to disrupt calcium signaling and inhibit tryptase release in mast cells, thereby preventing 
allergen-induced degranulation. For example, miR-124-loaded exosomes specifically target and downregulate TRPC6 
channel expression in mast cells, resulting in reduced histamine release.58 This suggests that engineered exosomes may 
not only mitigate symptoms but also address the underlying dysregulation in immune processes associated with allergic 
reactions.

In the context of chronic rhinosinusitis, engineered exosomes deliver exogenous miRNAs that modulate endogenous 
miRNA profiles within nasal mucosal epithelial cells or local inflammatory cells, subsequently regulating inflammatory 
processes and airway remodeling.59 Furthermore, exosomes carrying signaling molecules, such as PGE2 analogs, 
facilitate the repolarization of pro-inflammatory M1 macrophages into the anti-inflammatory M2 phenotype, decrease 
the production of reactive oxygen species (ROS) and pro-inflammatory mediators, support tissue repair, and suppress 
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mucus hypersecretion and pathological tissue remodeling.60 These findings emphasize the multifaceted roles of engi
neered exosomes in not only controlling inflammation but also promoting healing and restoring normal function in the 
nasal passages.

In nasal inflammatory diseases such as allergic rhinitis and chronic rhinosinusitis, the immunomodulatory potential of 
engineered exosomes is further supported by research on severe COVID-19: exosomes can alleviate excessive inflam
matory responses by targeting pro-inflammatory cytokines (eg, TNF-α, IL-6) and promoting the release of the anti- 
inflammatory mediator IL-10.61

Promotion of Tissue Healing
Beyond their immunomodulatory functions, engineered exosomes play a significant role in tissue repair processes. In 
conditions involving nasal mucosal injury, such as chronic rhinosinusitis with nasal polyps, these exosomes enhance the 
proliferation and migration of nasal epithelial cells, accelerating the regeneration of damaged mucosa, restoring 
physiological nasal function, and improving patients’ quality of life. This regenerative capability points to the potential 
of engineered exosomes as a cornerstone in developing therapies that not only treat symptoms but also promote long- 
term healing and restoration of normal nasal physiology. For instance, stem cell-derived exosomes can be functionally 
modified to not only stimulate epithelial regeneration but also promote angiogenesis within the submucosal layer, thereby 
enhancing local perfusion and providing essential nutritional support for tissue recovery.20,62

Figure 5 Integrated Mechanisms of Engineered Exosomes in Nasal Diseases. (Created with BioRender.com). Schematic illustration of the multifunctional roles of engineered 
exosomes in treating nasal disorders: (A) In allergic rhinitis (AR), exosomes regulate immune responses by promoting naïve T cell differentiation into Foxp3+ regulatory 
T cells (Tregs), inhibiting Th2 cell activation (reducing IL-4/IgE production), and blocking mast cell Ca2+ influx and degranulation; (B) In chronic rhinosinusitis (CRS), 
exosomes induce M1-to-M2 macrophage repolarization to resolve inflammation (reducing ROS and pro-inflammatory mediators) and support tissue repair; (C) Stem cell- 
derived exosomes enhance nasal epithelial cell proliferation (mucosal restoration) and endothelial cell angiogenesis (submucosal perfusion), collectively alleviating 
pathological changes in nasal tissues.
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In summary, engineered exosomes offer multiple therapeutic advantages for nasal diseases, including anti- 
inflammatory activity, immune regulation, tissue repair promotion, and targeted drug delivery. They represent 
a promising innovative strategy for managing refractory disorders such as allergic rhinitis and chronic rhinosinusitis. 
While technical and translational challenges remain, the innate biological properties and engineerability of exosomes 
position them as a compelling tool for future precision medicine applications in rhinology. As research progresses, it will 
be crucial to explore the integration of these systems into clinical practice, ensuring that they can provide effective, 
targeted treatments that improve patient outcomes.

Research Progress on Engineered Exosomes in Throat Diseases (Figure 6)
Research on engineered exosomes for treating throat diseases is still in its early stages, with relatively few studies 
conducted to date. Nevertheless, emerging evidence supports their potential, particularly in the realm of immunomodula
tion. For example, Meng63 developed a protein-modified exosome vaccine derived from dendritic cells (DCs). When 
delivered via intratracheal inoculation, these engineered exosomes bind to the neonatal Fc receptor (FcRn) on lung 
epithelial cells, stimulate high-titer IgA production, and activate tissue-resident memory T cells, thereby inducing 
a potent mucosal immune response. This approach shows considerable promise for preventing and treating viral 
infections in the throat.

While the advancements in exosome engineering are promising, it is crucial to emphasize that further research is 
necessary to fully understand the mechanisms underlying these responses, as well as to establish standardized protocols 
for their clinical application. Mesenchymal stem cells (MSCs) and their exosomes (MSC-Exos) have demonstrated the 
ability to reduce inflammation and apoptosis in multiple disease models by modulating inflammatory mediators and 
promoting macrophage polarization toward an anti-inflammatory phenotype.50,64–68 Similarly, exosomes derived from 

Figure 6 Mechanism of Engineered Exosome Therapy in Throat Inflammation: Mucosal Delivery & Immunomodulation. (Created with BioRender.com). Upon intratracheal 
administration, engineered exosomes (surface-functionalized with Fc ligands, a nanoplatform for mucosal targeting) engage neonatal Fc receptors (FcRn) on respiratory 
mucosal epithelial cells, triggering multi-dimensional immunoregulatory cascades: (1) Inducing B cell differentiation into plasma cells that secrete secretory IgA (sIgA) to 
reinforce mucosal immune defense; (2) Promoting M1-to-M2 macrophage polarization (switching from pro-inflammatory to anti-inflammatory phenotype); (3) Activating 
tissue-resident memory T (TRM) cells, suppressing pro-inflammatory Th17 cell function, and facilitating regulatory T cell (Treg) expansion; (4) Inhibiting NLRP3 
inflammasome activation and reducing pro-inflammatory cytokine production (IL-1β, TNF-α).
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M2 macrophages (M2 Exo), which inherently possess inflammatory homing capacity and anti-inflammatory activity, can 
be engineered to reprogram macrophage behavior and regulate immune cell functions. Such modifications facilitate the 
shift from M1 to M2 macrophage polarization, inhibit Th17 cell activity, and promote the activation of regulatory T cells 
(Tregs), collectively contributing to the resolution of inflammation.23,25,27 In addition, it is essential to consider that while 
MSC-Exos and M2 Exo exhibit anti-inflammatory properties that may hold therapeutic value for chronic inflammatory 
conditions of the throat, the variability in exosome composition and function across different sources could influence 
their effectiveness. Moreover, engineered exosomes enhance immunoregulation by inducing Treg differentiation, sup
pressing M1 polarization, stimulating M2 polarization, downregulating NLRP3 inflammasome activation, and reducing 
the secretion of pro-inflammatory cytokines.65,69–71 This multifaceted approach underscores the versatility of engineered 
exosomes in tailoring immune responses, but it also highlights the need for rigorous preclinical and clinical testing to 
optimize their therapeutic applications. Both MSC-Exos and M2 Exo exhibit anti-inflammatory properties that may hold 
therapeutic value for chronic inflammatory conditions of the throat. Through engineering approaches—such as loading 
with elevated levels of anti-inflammatory cytokines or microRNAs—their efficacy can be further augmented, potentially 
improving their capacity to alleviate inflammatory responses and support tissue repair in throat disorders. Overall, while 
the current evidence is encouraging, the integration of engineered exosomes into clinical practice will require compre
hensive understanding and validation through ongoing research efforts.

Research Progress on Engineered Exosomes in the Treatment of Head and Neck 
Tumors (Figure 7)
Head and neck cancers (HNCs) rank as the seventh most common malignancy globally, with approximately 890,000 new 
cases and 450,000 deaths reported in 2018.72,73 The predominant histologic subtype is head and neck squamous cell 
carcinoma (HNSCC), representing over 90% of all cases.74 These tumors arise mainly from the mucosal epithelium of 
the oral cavity, pharynx, larynx, and paranasal sinuses.75 Current treatment modalities include surgery, radiotherapy, 
chemotherapy, molecularly targeted therapy, and combination regimens. Nevertheless, the overall therapeutic efficacy 

Figure 7 Head & Neck Tumor Synergistic Therapy. (Created with BioRender.com). Engineered exosomes (surface-functionalized with targeting moieties, encapsulating 
doxorubicin (DOX) and PD-L1 small interfering RNA (siPDL1)) act as a nanoplatform to exert dual antitumor effects: (Path 1) Tumor cell-directed delivery: Exosomes 
specifically target cancer cells, releasing DOX to induce tumor cell apoptosis and siPDL1 to silence PD-L1 expression (counteracting PD-1/PD-L1-mediated immune 
evasion); (Path 2) Immunosuppressive tumor microenvironment (TME) reprogramming: Exosomes target M2-polarized tumor-associated macrophages (TAMs, immunosup
pressive phenotype), promoting their repolarization toward the pro-inflammatory M1 phenotype. This repolarization drives CD8+ T cell activation (via interleukin-12 (IL-12) 
secretion), reinforcing antitumor immune surveillance.
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remains suboptimal, underscoring the urgent need for more precise and innovative treatment strategies.76,77 Given these 
challenges, we believe that engineered exosomes have the potential to revolutionize treatment paradigms in HNCs by 
enabling more effective and personalized approaches.

In recent years, engineered exosomes have emerged as a promising nanoscale delivery platform for oncology 
applications. Through surface modifications, cargo optimization, and immune activation strategies, they can efficiently 
deliver therapeutic agents—such as chemotherapeutic drugs, siRNA, or gene-editing systems including CRISPR/Cas9— 
to specifically target tumor cells.78 Furthermore, functionalization of exosomal surface molecules markedly enhances 
their binding affinity for tumor cells, thereby increasing treatment precision and efficacy.79 As a result, engineered 
exosomes hold significant promise for advancing targeted drug delivery, activating immune responses, and remodeling 
the tumor microenvironment in the treatment of head and neck cancers.

Targeted Delivery of Chemotherapeutic Agents
Engineered exosomes function as targeted delivery systems through the surface modification of membrane proteins, 
substantially improving their affinity for diverse tumor tissues and enhancing antitumor efficacy.80–85 For instance, 
exosomes derived from M1 macrophages and modified with sialic acid-binding immunoglobulin-like lectin 10 (Siglec- 
10) have been shown to repolarize peritoneal macrophages into a therapeutic phenotype, enabling effective treatment of 
ovarian cancer.84 Similarly, exosomes engineered with PI3Kγ modification enable the precise in situ reprogramming of 
tumor-associated macrophages (TAMs), thereby contributing to antitumor responses.86 When loaded with gene-editing 
cargo, these exosomes can achieve synergistic antitumor effects.87

Commonly investigated molecular payloads include small interfering RNA (siRNA), long non-coding RNA 
(lncRNA), microRNA (miRNA), and signal transducer and activator of transcription 6 (STAT6), all of which enhance 
the targeting efficiency and specificity of engineered exosomes for cancer therapy.80,87–92 We assert that the continuous 
evolution of these molecular payloads will further augment the therapeutic utility of engineered exosomes, opening 
avenues for combination therapies that could yield substantial benefits for patients. These approaches also show potential 
for prognostic evaluation and disease monitoring in oral cancer.93 In thyroid cancer, a targeted exosome-based delivery 
platform has been developed to direct chemotherapeutic agents to αvβ3-positive anaplastic thyroid cancer (ATC) cells, 
resulting in specific suppression of tumor growth.85

Immune Activation and Remodeling of the Tumor Microenvironment
The tumor microenvironment (TME) is a complex ecosystem formed by cancer cells and host-derived elements, 
including vascular networks, the extracellular matrix, immune cells, and other stromal components. Within this milieu, 
tumor-associated macrophages (TAMs) play a pivotal role in establishing an immunosuppressive TME (ITM), thereby 
facilitating immune evasion by tumors.94 The abnormal vasculature in the TME further exacerbates conditions such as 
hypoxia and acidosis, which reinforce the ITM and promote tumor progression.95 Addressing these conditions is crucial; 
thus, our perspective emphasizes the need for therapies that can effectively reprogram the TME to support anti-tumor 
immunity. Immune evasion is a key mechanism driving tumor development, metastasis, and treatment resistance. 
Immune activation therapies seek to counteract these processes by reversing immunosuppression, enhancing immune 
cell function, and eliciting robust anti-tumor immunity.96

Engineered exosomes mediate multi-faceted anti-tumor activities through several mechanisms: Firstly, They repro
gram TAMs toward an M1-like phenotype, restoring macrophage-mediated innate immune responses and inhibiting 
tumor growth and metastasis.85,89,97–101 Secondly, They activate T lymphocytes, enabling direct killing of tumor 
cells.21,99–102 Thirdly, They induce ferroptosis in tumor cells, providing an additional mechanism for tumor 
suppression.81,97,98,102–104 Finally, They reverse the immunosuppressive TME, selectively target cancer cells, and 
promote the infiltration of immune cells.105–108 These approaches address the shortcomings of conventional monothera
pies and represent promising strategies for treating resistant and metastatic tumors.

For example, researchers from The Third Affiliated Hospital of Sun Yat-sen University developed engineered 
dendritic cell-derived exosomes (EmDEX@GA), which exhibit lymph node homing, immune checkpoint blockade, 
and pathway activation capabilities. Upon intratumoral injection, EmDEX@GA migrates to tumor-draining lymph nodes 
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via CCR7, blocks PD-L1/PD-1 interactions, activates the STING pathway, promotes dendritic cell maturation and 
antigen presentation, reverses T cell suppression, and triggers a systemic anti-tumor immune response that effectively 
inhibits both lymphatic and distant metastases.22 Previous studies have confirmed that exosomes can remodel the tumor 
immune microenvironment by regulating the functions of immune cells.109 Future research may focus on designing 
engineered exosomes to deliver immune-activating molecules—such as cytokines, immune checkpoint inhibitors, or 
antigenic peptides—directly to tumor sites, thereby stimulating anti-tumor immunity and enhancing immune-mediated 
tumor clearance. Alternatively, engineered exosomes could be used to suppress immunosuppressive cells within the 
TME, such as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), to alleviate immunosuppression 
and enable more effective anti-tumor responses.

Early Tumor Diagnosis, Disease Monitoring, and Prognostic Evaluation
Salivary exosomes have attracted significant attention as a promising tool for the diagnosis and early detection of oral 
cancers due to their high stability, offering a convenient and reliable biological sample source for clinical applications.110 

In patients with head and neck tumors, body fluid-derived exosomes carry tumor-specific molecular markers. Engineering 
modifications have further broadened their functional scope, enabling comprehensive support throughout the entire 
diagnostic and therapeutic process for head and neck malignancies.111

At the diagnostic level, precise analysis of exosomal biomolecules—such as proteins and nucleic acids—can facilitate 
early tumor detection, improve diagnostic accuracy, and assist in determining tumor malignancy grade. These capabilities 
provide essential information for disease stratification and clinical evaluation. In disease monitoring and prognostic 
assessment, exosomal molecular cargo can be employed to predict treatment response, dynamically evaluate therapeutic 
efficacy, and estimate recurrence risk. This information enables clinicians to develop timely intervention strategies and 
personalize treatment plans.

Moreover, engineered exosomes can function as traceable agents for real-time monitoring of tumor progression and 
metastatic behavior. In our view, the integration of engineered exosomes into routine clinical practice could greatly 
enhance patient management, allowing for more tailored and effective therapeutic approaches. This provides clinicians 
with deeper insights into tumor dynamics, thereby supporting the formulation and adjustment of treatment strategies and 
facilitating more precise and efficient management of head and neck tumors.

In summary, engineered exosomes have generated substantial foundational research data for therapeutic applications 
in otorhinolaryngology-head and neck surgery (OHNS) diseases, with significant breakthroughs achieved in preclinical 
validation. Some targeted modification strategies have advanced into early-stage clinical trials, collectively forming 
a stepwise development continuum spanning “basic research–preclinical research–clinical research” (Figure 8). This 
stratified translational pathway not only highlights the promising research potential in this field but also reflects distinct 
core objectives at different stages: basic research focuses on optimizing functional mechanisms, the preclinical phase 
emphasizes model validation and safety assessment, while the clinical stage must address key challenges such as 
enhancing targeting efficiency and achieving standardized application. To more intuitively present the comprehensive 
distribution of their clinical translation potential, this review conducts a comprehensive evaluation of core diseases 
through three dimensions (clinical urgency, translation difficulty, and technical maturity) (Figure 9). Moving forward, 
based on this translational framework, the following sections will further explore the central challenges and potential 
solutions in the clinical translation of engineered exosomes.

Research Challenges and Prospects
Despite the customizable biological properties and innovative therapeutic potential of engineered exosomes in treating 
otorhinolaryngology-head and neck surgery (OHNS) diseases including hearing loss, ear-nose-throat inflammation and 
head-neck tumors, their clinical translation is still hindered by multiple scientific and technical challenges. These 
obstacles cover OHNS-specific anatomical and pathophysiological barriers as well as universal translational bottlenecks 
in manufacturing and regulation. Resolving these issues is crucial to tapping the full clinical value of engineered 
exosomes and promoting their application in OHNS treatment.
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OHNS-Specific Therapeutic Optimization
Unique anatomical and pathophysiological features of the OHNS region pose significant barriers to effective exosome- 
based drug delivery. Anatomically, narrow middle ear, compartmentalized paranasal sinuses and limited access to inner 
ear tissues restrict conventional local delivery. Biological barriers such as the blood–labyrinth barrier (BLB) and nasal 
mucosal barrier, whose complexity is similar to the blood–brain barrier (BBB), further impede exosome penetration. In 
addition, current exosome ligand systems often have low density and weak binding affinity, resulting in insufficient 

Figure 8 Hierarchical Classification of Exosome Engineering Implementation Potential: From High- to Low-Feasibility. (Created with BioRender.com). This figure classifies 
exosome engineering strategies (as nanotherapeutic modification approaches) by implementation feasibility, based on three key criteria: technical maturity, translation 
difficulty, and safety risk. It presents a clear priority order for translational research, distinguishing high-, medium-, and low-feasibility approaches.

Figure 9 Clinical Application Potential Evaluation of Engineered Exosomes in OHNS Diseases. (Created with BioRender.com). 3D scatter plot illustrating the translational 
landscape of engineered exosome-based nanotherapies across OHNS diseases, evaluated by three dimensions: Clinical Urgency (incidence and treatment gaps), Translation 
Difficulty (barriers to clinical translation), and Technical Maturity (research depth and mechanism clarity). Bubble size reflects the quantity of related research studies (larger 
bubbles indicate stronger foundational data). Head & Neck Tumors (HNSCC/TC) exhibit high clinical urgency and technical maturity; Ear Diseases (OM/Microtia) show 
moderate urgency and maturity; Nasal Diseases (AR/CRS) have lower urgency but high technical maturity. The dashed trend line indicates that higher technical maturity 
tends to correlate with lower translation difficulty.
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accumulation at target sites. This problem is worsened in inflammatory microenvironments with viscous secretions that 
reduce targeting efficiency and increase off-target effects.

For sinonasal disorders featured with rapid mucociliary clearance and excessive mucosal immune activation, 
surface modification of exosomes with chitosan or hyaluronic acid derivatives enhances mucoadhesion, prolonging 
their sinus cavity residence time from 2–4 hours to more than 12 hours while shielding immunogenic epitopes to 
reduce non-specific inflammation.112 Combining intranasal spray with thermosensitive hydrogel carriers achieves 
sustained release, solving rapid drug clearance in sinonasal tissues. For chronic rhinosinusitis with viscous secretions, 
exosomes engineered to express hyaluronidase can penetrate dense mucus barriers, improving cargo delivery to 
inflamed mucosal epithelial cells.

For inner ear diseases like sensorineural hearing loss, BLB and limited tissue access are major barriers. Accelerating 
clinical translation of LRP1-targeted exosomes modified with IETP2 peptides is critical, as they have been proven to 
traverse BLB precisely and safely.45 Optimizing intratympanic injection protocols such as controlled-release microcath
eters enhances BLB penetration through transcytosis. Exosome-scaffold composites matching tympanic membrane 
anatomical structure, such as exosome-loaded gelatin methacryloyl hydrogels, realize localized sustained release and 
avoid systemic side effects. Combining exosomes with neurotrophic factors also promotes auditory nerve regeneration 
and maintains cochlear hair cell viability through PI3K–AKT pathway regulation.

For head-neck tumors, dense extracellular matrix (ECM) in tumor microenvironment (TME) and high cellular 
heterogeneity affect drug penetration and targeted delivery. Dual-targeted exosomes equipped with EGFR/CD44v6 
ligands for tumor cell recognition and hyaluronidase-modified surfaces for TME penetration can degrade dense ECM, 
enhancing delivery of chemotherapeutics or siPDL1. Image-guided delivery systems like near-infrared fluorescently 
labeled exosomes enable real-time monitoring of exosome distribution in complex head-neck anatomy, improving safety 
and efficacy of clinical translation.

Key Translational Barriers and Solutions
Beyond OHNS-specific challenges, engineered exosomes face universal translational bottlenecks in manufacturing, 
regulation, quality control and immune compatibility, which need interdisciplinary collaboration in line with ISEV 
guidelines to solve.113.

In manufacturing and regulation, regulatory approval and GMP-compliant large-scale production are core obsta
cles. Establishing standardized GMP processes is essential, including automated cell culture systems to ensure 
consistent parent cell quality, standardized isolation and purification protocols including tangential flow filtration 
combined with size-exclusion chromatography to reduce batch-to-batch variability, and strict quality control (QC) 
criteria in line with FDA/EMA guidelines covering particle size, zeta potential, cargo loading efficiency and surface 
ligand density. Pre-regulatory consultations will clarify exosome classification into biological products or drug delivery 
systems to streamline approval, while adhering to ISEV position papers ensures alignment with global safety and 
manufacturing standards.

Batch-to-batch heterogeneity caused by differences in parent cell culture, isolation and modification impairs ther
apeutic reproducibility. AI-assisted QC systems monitor key production parameters in real time to dynamically adjust 
culture conditions and modification efficiency.114 For standardized potency assays, OHNS-specific 3D organoids 
including sinonasal mucosal, cochlear hair cell and HNSCC TME organoids replace traditional in vivo assays, realizing 
high-throughput standardized evaluation while complying with 3Rs principle (Replacement, Reduction, Refinement).115 

3D cochlear organoids, for instance, simulate BLB microenvironment to assess exosome penetration and hair cell 
protection effects.

Biological barrier penetration and immune compatibility remain critical issues. Drawing on BBB penetration 
strategies, dual-ligand modification enhances BLB transcytosis. CRISPR-Cas9-mediated endogenous loading of anti- 
inflammatory cytokines reduces mucosal immune activation in sinonasal applications. “Stealth” exosomes engineered 
through PEGylation or CD47 modification can evade immune cell phagocytosis, improving in vivo stability and 
circulation time.
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Forward-Looking Directions
Future research will integrate advanced technologies with OHNS-specific needs to advance precision medicine and 
address current limitations.

AI-driven exosome design will play a pivotal role in optimizing therapeutic efficacy. Machine learning algorithms can 
analyze multi-omics data and high-dimensional experimental parameters to predict and optimize exosome properties such 
as surface ligand density, cargo loading ratio, and carrier material composition. For instance, recent studies have 
demonstrated the application of machine learning in analyzing surface-enhanced Raman spectroscopy (SERS) profiles 
of exosomes to accurately distinguish cancer subtypes with over 90% accuracy, showcasing the potential of AI in 
exosome-based diagnostics and design optimization.116 Furthermore, AI models can be trained on large-scale molecular 
datasets to guide the rational design of engineered exosomes for precision targeting, as highlighted in reviews on AI- 
enabled extracellular vesicle drug delivery.117 These approaches enable adaptive optimization based on dynamic 
pathological microenvironments, such as inflammatory cytokine levels in chronic rhinosinusitis or ECM composition 
in head and neck squamous cell carcinoma, thereby enhancing targeting accuracy and therapeutic adaptability.

CRISPR-based cargo engineering will genetically modify parent cells like mesenchymal stem cells to endogenously 
produce exosomes loaded with therapeutic proteins or miRNAs, boosting cargo stability and delivery efficiency.

Multi-omics technologies including single-cell sequencing, proteomics and transcriptomics will establish multidimen
sional QC systems in accordance with MISEV 2018 guidelines to ensure consistency of exosome composition and 
function across batches. Combination therapies will tackle refractory cases: combining exosomes with immune check
point inhibitors to remodel immunosuppressive TME in head-neck tumors,95 and co-delivering neurotrophic factors and 
anti-oxidative agents via BLB-penetrating exosomes for inner ear diseases.44 Exploring alternative exosome sources and 
optimizing bioreactor culture conditions will further promote large-scale production.

Notably, this field is still in its infancy. Therapeutic potential is mainly supported by early preclinical evidence from 
cell lines and small animal models, with insufficient large-animal validation and limited high-quality clinical data in 
OHNS patients. There are no clinically approved OHNS-specific exosome platforms, and regulatory paths need further 
clarification. Nevertheless, through rigorous preclinical and clinical evaluation, technological refinement and interdisci
plinary collaboration among material scientists, clinicians and regulators, engineered exosomes are expected to address 
unmet clinical needs in OHNS and become a transformative treatment modality, serving as a cornerstone of precision 
medicine in this field.

Conclusion
This review highlights recent advancements in engineered exosomes as a novel nanotherapeutic platform for treating 
otorhinolaryngology-head and neck surgery (OHNS) diseases, including auditory disorders, nasal inflammatory condi
tions, throat diseases, and head and neck tumors. These engineered exosomes effectively overcome the limitations of 
natural exosomes, such as poor targeting precision and low drug-loading capacity, through genetic editing and surface 
modifications. They demonstrate significant therapeutic potential by providing precise delivery to inner ear hair cells, 
modulating the immune microenvironment in nasal diseases, addressing viral infections and inflammation in throat 
diseases, and enhancing targeted drug delivery in head and neck tumors. However, clinical translation faces challenges, 
including anatomical complexities and the need for standardized production and safety protocols.

To accelerate the translation of engineered exosomes into OHNS clinical practice, future research should prioritize 
three core directions: first, the development of OHNS-specific delivery systems (eg, mucociliary navigation-enabled 
intranasal carriers, blood–labyrinth barrier-penetrating exosomes) tailored to the anatomical and physiological character
istics of target tissues; second, the integration of artificial intelligence (AI) algorithms to optimize exosome surface 
modification and cargo loading, enhancing adaptability to dynamic pathological microenvironments; and third, the 
establishment of standardized production and quality control frameworks in line with MISEV 2018 guidelines and 
GMP requirements, ensuring batch-to-batch consistency and reproducible therapeutic efficacy. In summary, engineered 
exosomes offer substantial translational value for OHNS disease treatment, and interdisciplinary collaboration will pave 
the way for their successful clinical implementation. With sustained efforts to address existing challenges, engineered 
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exosomes are expected to evolve into a cornerstone of precision medicine in otorhinolaryngology-head and neck 
diseases, offering new hope for patients with refractory or complex conditions.
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