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Intranasal drug delivery for brain tumors: Promise and challenges 
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Abstract 

Intranasal drug delivery represents a transformative strategy for targeting therapeutic agents to the central nervous system (CNS), offering a noninvasive route 

that bypasses the blood–brain barrier (BBB). This modality leverages the olfactory and trigeminal neural pathways to facilitate direct nosetobrain transport, 
providing enhanced drug bioavailability and rapid onset of action. Recent advances in nanocarrier technologies, including liposomes, polymeric nanoparticles, 

and mucoadhesive in situ gels, have further optimized intranasal delivery, enabling controlled release, improved stability, and tumorspecific targeting in brain 

malignancies. Despite its potential, several challenges hinder clinical translation, including mucociliary clearance, enzymatic degradation in the nasal cavity, 
formulation irritability, and variability in patient anatomy. Moreover, precise targeting of heterogeneous tumor microenvironments remains a critical hurdle. 

Strategies integrating bioadhesive polymers, permeability enhancers, and surface modified nanocarriers are under investigation to overcome these limitations. 

Preclinical studies demonstrate significant antitumor efficacy, yet comprehensive clinical validation is limited. Regulatory considerations, scalability, and 
reproducibility of formulation also demand careful attention. Future directions involve multimodal approaches that combine intranasal delivery with 

imagingguided precision therapy and immunomodulatory agents, aiming to maximize therapeutic index while minimizing systemic toxicity. Overall, intranasal 

drug delivery offers a promising, patientriendly alternative for brain tumor therapy, with ongoing research poised to address current limitations and unlock its 
full clinical potential. 
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1. Introduction 

Brain tumors constitute a heterogeneous group of CNS 

neoplasms that encompass both primary malignancies, such 

as gliomas, meningiomas, and medulloblastomas, and 

secondary metastatic lesions. Among these, glioblastoma 

multiforme (GBM) remains the most aggressive and lethal, 

with median survival rarely exceeding 15–18 months despite 

multimodal treatment. The epidemiological burden of brain 

tumors is steadily increasing worldwide, partly attributable to 

improved neuroimaging, aging populations, and changing 

environmental and genetic risk factors. From a clinical 

standpoint, brain tumors present not only as life-threatening 

conditions but also as diseases that profoundly compromise 

neurological function, leading to cognitive decline, seizures, 

focal deficits, and deterioration of quality of life. This dual 

burden of mortality and morbidity underscores the pressing 

need for therapeutic innovation.1,2 

The conventional therapeutic triadmaximal safe surgical 

resection, adjuvant radiotherapy, and systemic chemotherapy 

offer limited long-term success. Surgical interventions are 

constrained by the infiltrative growth of malignant gliomas 

into eloquent brain regions, rendering complete excision 

nearly impossible without inducing severe neurological 

deficits. Radiotherapy, while useful in controlling residual 

disease, often fails due to radio resistant tumor 

subpopulations and cumulative neurotoxicity. Systemic 

chemotherapy, including temozolomide and nitrosoureas, is 

further hindered by the restrictive nature of the BBB. The 

BBB composed of tight endothelial junctions, efflux 

transporters, and metabolic enzymes, acts as a dynamic 

neuroprotective shield but simultaneously prevents the 

penetration of most hydrophilic and highmolecularweight 

drugs into the brain parenchyma.3,4 Consequently, higher 

systemic doses are required to achieve therapeutic 

concentrations within the CNS, inevitably escalating off 

target toxicity and adverse systemic effects. These inherent 
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limitations of conventional therapeutic modalities highlight 

the need for innovative strategies that can circumvent the 

BBB and enable efficient, localized drug delivery to 

intracranial tumors. Multiple approaches, including 

convection enhanced delivery, focused ultrasound mediated 

BBB disruption, and nanoparticle based carriers, have been 

investigated. However, many remain invasive, technically 

complex, or limited by heterogeneity in drug distribution.5. 

In this context, the intranasal route has emerged as an 

attractive non-invasive alternative for CNS drug delivery. 

The nasal cavity provides a unique anatomical gateway to the 

brain through the olfactory epithelium and trigeminal nerve 

pathways, allowing therapeutic agents to bypass the BBB and 

achieve direct nosetobrain transport. This route offers several 

advantages, including rapid onset of action, avoidance of 

first-pass hepatic metabolism, reduced systemic exposure, 

and improved patient compliance. Furthermore, intranasal 

delivery has shown potential for accommodating diverse 

drug modalities, ranging from small molecules to peptides, 

proteins, nanoparticles, and gene therapy vectors.6 

Despite these advantages, translation of intranasal drug 

delivery into clinical oncology remains challenging. 

Variability in nasal physiology, mucociliary clearance, 

enzymatic degradation within the nasal mucosa, limited 

dosing volume, and the need for advanced mucoadhesive and 

nanocarrier systems pose significant barriers. Therefore, 

while intranasal delivery holds immense promise as a 

transformative strategy for brain tumor therapeutics, its 

optimization requires a multidisciplinary approach 

integrating pharmaceutical sciences, nanotechnology, and 

neurooncology.7,8 

2. Discussion 

2.1. Anatomy and physiology relevant to intranasal delivery 

The nasal cavity constitutes a complex anatomical conduit 

with specialized subregions that directly influence drug 

transport to the CNS. It is broadly divided into the respiratory 

region and the olfactory region. The respiratory mucosa, 

lined with ciliated pseudo-stratified epithelium, accounts for 

the majority of nasal surface area and provides extensive 

vascularization that supports rapid systemic absorption. In 

contrast, the olfactory region, though spatially limited (~8–

10% of the total cavity), offers a unique neural interface for 

direct access to the forebrain.9,10 

The olfactory epithelium, localized at the roof of the 

nasal cavity, harbors bipolar sensory neurons whose axons 

traverse the cribriform plate and synapse in the olfactory 

bulb. This arrangement creates a direct nosetobrain conduit, 

bypassing the BBB. Such a neuroanatomical pathway 

provides a critical advantage for delivering 

chemotherapeutics and Nano carrier systems intended for 

brain tumor management.11 Parallel to this, the trigeminal 

nerve pathway contributes an auxiliary but significant route. 

Its ophthalmic and maxillary branches innervate the 

respiratory and olfactory mucosa and extend projections to 

the brainstem and deeper parenchymal regions. This dual 

neural connectivity (olfactory and trigeminal) broadens the 

spatial reach of intranasally administered therapeutics, 

facilitating drug distribution into multiple brain 

compartments beyond the olfactory bulb. The Figure 1 gives 

overview of nasal cavity.12 

 

Figure 1: Overview of anatomy of nasal cavity8-11 

The nasal mucosa itself exhibits high vascular density, rich 

lymphatic drainage, and relatively permeable epithelial 

barriers. The combination of a large absorptive surface area 

(~150 cm² in humans), thin epithelial lining, and fenestrated 

capillary network supports both systemic uptake and 

localized neural transport. These anatomical and 

physiological characteristics collectively underscore the 

nasal route as a privileged interface for noninvasive CNS 

drug targeting; particularly in the context of brain tumor 

therapeutics where bypassing the BBB remains a critical 

challenge.13 

3. Blood–Brain Barrier (BBB) and Its Challenges 

3.1. Structure and function of the BBB 

The BBB represents one of the most formidable 

physiological defense systems of the human body. 

Structurally, it is formed by nonfenestrated endothelial cells 

connected by tight junction proteins (e.g., claudins, 

occludins, ZO1), which limit paracellular flux. The 

endothelial layer is reinforced by pericytes and enveloped by 

astrocyticendfeet, together forming the neurovascular unit 

(NVU). This highly orchestrated structure ensures controlled 

transport of glucose, amino acids, and essential ions through 

selective carrier systems while excluding potentially harmful 

agents. Furthermore, ATP binding cassette (ABC) efflux 

transporters such as Pglycoprotein (Pgp), BCRP, and 

multidrug resistance associated proteins (MRPs) actively 

pump xenobiotics and many therapeutic molecules back into 

circulation. The integrity of the BBB is crucial for 

neuroprotection and homeostasis, but it simultaneously acts 

as a barrier to CNS pharmacotherapy.14-15 
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3.2. Restriction of systemic drug delivery to the CNS 

From a therapeutic standpoint, the restrictive properties of the 

BBB severely limit the success of systemic drug 

administration. Nearly all biologics and over 98% of small 

molecule compounds are excluded from the CNS. Lipophilic 

molecules under 400–500 Da may cross to some extent via 

passive diffusion, but most chemotherapeutics exceed these 

physicochemical thresholds. Moreover, the presence of 

active efflux pumps prevents sustained drug accumulation 

even for molecules that penetrate transiently. This result in a 

therapeutic paradox: high systemic doses are often required 

to achieve minimal brain concentrations, leading to 

significant offtarget toxicities without proportional 

improvement in CNS tumor control. For conditions like 

glioblastoma, where aggressive proliferation coexists with 

infiltrative spread, the inability of systemic drugs to reach 

infiltrating tumor cells significantly undermines treatment 

outcomes.16 

3.3. Tumor microenvironment heterogeneity and its 

influence on drug penetration 

Beyond the BBB, the tumor microenvironment itself 

introduces another layer of complexity. Malignant gliomas 

and metastatic brain tumors remodel the vascular 

architecture, creating what is referred to as the blood–tumor 

barrier (BTB). Unlike the classical BBB, the BTB exhibits 

spatially heterogeneous permeability. Some regions 

demonstrate leaky vasculature due to abnormal angiogenesis 

and fenestrated endothelium, while adjacent zones retain 

intact barrier properties. Consequently, drug penetration into 

tumor tissue is irregular, resulting in pockets of undertreated 

tumor cells that drive recurrence and resistance.17-18 

Compounding this challenge, the tumor milieu is 

characterized by elevated interstitial fluid pressure, dense 

extracellular matrix deposition, and hypoxic zones. These 

features not only hinder convective transport of therapeutic 

molecules but also activate cellular resistance mechanisms, 

such as hypoxia inducible factor (HIF) mediated up 

regulation of efflux transporters. Thus, even when systemic 

drugs transiently breach compromised vasculature, their 

homogeneous distribution within tumor parenchyma remains 

highly inefficient.19 

3.4. Implications for intranasal drug delivery 

This dual challenge BBB mediated restriction and BTB 

induced heterogeneity has accelerated the exploration of 

alternative delivery routes that bypass systemic circulation. 

The intranasal pathway is particularly attractive because it 

provides direct neural conduits (olfactory and trigeminal 

pathways) to the CNS, thereby circumventing both the intact 

BBB and regions of heterogeneous BTB. Unlike systemic 

delivery, where tumor penetration is stochastic and limited, 

intranasal administration offers the potential for more 

uniform drug exposure across brain compartments, including 

infiltrative margins that are otherwise inaccessible. 

Moreover, intranasal delivery reduces systemic exposure and 

toxicity, enabling localized targeting of brain tumors with 

lower therapeutic doses.6-8 

4. Mechanisms of Intranasal Drug Transport 

Intranasal administration provides a multifaceted set of 

transport routes that enable therapeutic agents to circumvent 

the restrictive BBB and gain direct access to the CNS. The 

mechanisms of drug movement across the nasal mucosa 

involve paracellular, transcellular, and neuronal pathways, 

supported by both extracellular and intracellular processes 

that collectively dictate the pharmacokinetic fate of 

intranasally delivered therapeutics.20,21 

4.1. Paracellular transport 

Paracellular transport refers to the passage of molecules 

through the tight junctions located between adjacent 

epithelial cells. This pathway favors hydrophilic and low 

molecular weight drugs, though its efficiency is inherently 

limited by the restrictive nature of the intercellular junctional 

complexes. Modulation of these junctions, either by 

permeation enhancers or nanocarrierbased systems, has been 

explored to transiently improve drug penetration without 

compromising mucosal integrity.22,23 

4.2. Transcellular transport 

In contrast, transcellular transport entails the movement of 

drug molecules across the epithelial cell membrane and 

cytoplasm. This pathway is predominant for lipophilic, 

unionized, and small molecules that can readily diffuse 

through the phospholipid bilayer. Additionally, receptor 

mediated endocytosis and vesicular trafficking may facilitate 

the uptake of larger biomolecules, peptides, or engineered 

nanoparticles, thereby expanding the scope of drugs 

amenable to this route.24 
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Table 1: Comparative overview of intranasal drug transport mechanisms 

Transport 

Mechanism 

Pathway 

Description 

Preferred 

Molecules/ 

Drugs 

Advantages Limitations Relevance to Brain 

Tumor Therapy 

Paracellular 

Transport 

Movement 

between 

epithelial cells 

through tight 

junctions 

Hydrophilic, low 

molecular 

weight drugs 

Simple diffusion, 

nonenergy 

dependent 

Restricted by tight 

junctions; limited 

permeability for 

macromolecules 

Useful for small, 

water-soluble drugs 

if junction 

modulation is 

feasible 

Transcellular 

Transport 

Passage across 

epithelial cell 

membranes and 

cytoplasm 

Lipophilic, small 

molecules; 

peptides via 

endocytosis 

Bypasses 

paracellular 

restriction; allows 

carrier mediated 

transport 

Dependent on 

lipophilicity and 

ionization; may 

require vesicular 

uptake 

Applicable for 

lipophilic drugs, 

Nano carriers, and 

peptide based 

therapeutics 

Neuronal 

Transport 

Direct delivery 

via olfactory and 

trigeminal nerves 

Small 

molecules, 

peptides, 

proteins, 

nanoparticles 

Direct brain 

access; bypasses 

systemic 

circulation and 

BBB 

Slower than 

vascular uptake; 

limited loading 

capacity 

Highly promising for 

sitespecific delivery 

to forebrain, 

brainstem, and deep 

CNS regions 

Extracellular 

& 

Intracellular 

Pathways 

Extracellular: 

perineural/ 

perivascular 

diffusion; 

Intracellular: 

endocytosis, 

axonal transport, 

transcytosis 

Both small 

molecules and 

bio 

macromolecules 

depending on 

route 

Complementary 

transport; 

supports 

widespread 

distribution 

Dependent on 

molecular 

properties and 

formulation 

Enhances both rapid 

onset (extracellular) 

and sustained 

delivery 

(intracellular) for 

tumor th 

 

Table 2: Comparative overview of formulation strategies for intranasal drug28-34 

Formulation Strategy 

& Examples 

Advantages Limitations Relevance for Brain Tumor 

Therapy 

Nanocarriers 

(Liposomes, 

Polymeric 

nanoparticles, Solid 

lipid nanoparticles) 

 Protect labile drugs from 

degradation  

 Enhance solubility of 

hydrophobic drugs  

 Targeted and sustained release 

possible 

 Complex manufacturing  

 Stability concerns during 

storage  

 Potential toxicity at higher 

doses 

Enable efficient delivery of 

chemotherapeutics and 

biologics across 

olfactory/trigeminal 

pathways with prolonged 

CNS exposure 

Mucoadhesive 

Systems (Chitosan, 

Carbopol, Hyaluronic 

acid) 

 Prolong nasal residence time  

 Improve paracellular transport  

 Biocompatible and biodegradable 

 Possible nasal irritation  

 Excessive viscosity may 

hinder diffusion 

Enhance local retention of 

anticancer drugs, improving 

absorption and reducing 

dosing frequency 

In Situ Gels 

(Thermosensitive: 

Poloxamer, 

pHsensitive polymers) 

 Ease of administration 

(liquidtogel transition)  Sustained 

release depot formation  

 Reduced clearance from nasal 

cavity 

 Limited drug loading 

capacity  

 Gelation properties vary 

with formulation 

conditions 

Provide controlled release of 

cytotoxic agents, reducing 

systemic toxicity while 

maintaining localized CNS 

delivery 

Permeation 

Enhancers 

(Surfactants, Bile 

salts, Cyclodextrins) 

 Increase membrane permeability  

 Improve solubility and stability 

of poorly soluble drugs 

 Risk of mucosal irritation 

and toxicity  

 Need for precise 

concentration control 

Facilitate delivery of large or 

poorly permeable anticancer 

molecules across nasal 

epithelium 

Optimization 

Parameters (Particle 

size: 50–200 nm, 

Surface charge, 

Stability) 

 Smaller particles improve uptake  

 Positive charge enhances 

mucoadhesion  Stable systems 

prevent aggregation and drug loss 

 Excessive cationic charge 

may cause toxicity  

 Scale-up and 

reproducibility issues 

Critical for achieving 

consistent drug transport to 

brain parenchyma and 

maximizing therapeutic 

efficacy 
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4.3. Neuronal transport 

A distinctive advantage of intranasal delivery lies in neuronal 

transport pathways, specifically via the olfactory and 

trigeminal nerves. The olfactory neurons provide a direct 

anatomical conduit to the olfactory bulb and forebrain, 

enabling rapid bypass of systemic circulation. 

Simultaneously, the trigeminal nerve innervates both 

respiratory and olfactory regions, projecting to the brainstem 

and deeper CNS structures. Transport along these neuronal 

routes occurs through intracellular axonal transport or 

extracellular diffusion along perineural channels, supporting 

widespread distribution into cortical and subcortical 

regions.25 

4.4 Role of extracellular and intracellular pathways 

Drug disposition within the nasal mucosa is governed by the 

interplay of extracellular and intracellular pathways. 

Extracellular transport includes bulk diffusion along 

perineural spaces, interstitial fluid dynamics, and movement 

through paracellular gaps. Intracellular routes, conversely, 

rely on endocytosis, transcytosis, and axonal transport 

mechanisms. The balance between these two processes is 

highly dependent on drug physicochemical properties, 

formulation design, and the presence of delivery enhancers. 

Together, they form a complementary system that determines 

the rate, extent, and regional distribution of intranasally 

delivered drugs within the CNS. The Table 1 gives 

Comparative Overview of Intranasal Drug Transport 

Mechanisms.26 

5. Formulation Strategies for Intranasal Delivery 

The success of intranasal drug delivery for brain tumors is 

critically dependent on rational formulation design that 

maximizes transport across the nasal epithelium while 

ensuring therapeutic stability and safety. Diverse strategies 

have been developed to exploit the anatomical and 

physiological properties of the nasal route.27 

5.1. Nanocarriers 

Nanocarrierbased systems such as liposomes, polymeric 

nanoparticles, and solid lipid nanoparticles (SLNs) have 

emerged as promising platforms for enhancing drug 

solubility, stability, and brain targeting. Liposomes, with 

their biocompatible phospholipid bilayers, can encapsulate 

both hydrophilic and lipophilic drugs, facilitating controlled 

release and improved residence in the nasal mucosa. 

Polymeric nanoparticles, often fabricated from biodegradable 

polymers such as PLGA or PEGylated derivatives, offer 

tunable size, surface functionality, and drugloading capacity. 

SLNs combine the advantages of lipidbased carriers with 

solid matrix stability, providing enhanced protection of labile 

drugs and prolonged release profiles.28,29 

5.2. Mucoadhesive systems 

To overcome rapid mucociliary clearance, mucoadhesive 

polymers are incorporated into nasal formulations to extend 

residence time. Chitosan, a cationic biopolymer, transiently 

opens tight junctions in the nasal epithelium, thereby 

improving paracellular transport of hydrophilic drugs. 

Carbopol, a polyacrylic acid derivative, swells in the nasal 

environment to form viscous gels that adhere to mucosal 

surfaces. Hyaluronic acid, beyond its biocompatibility, 

provides hydration and enhances local tissue permeation, 

making it a valuable excipient in nosetobrain formulations.30 

5.3. In situ gels 

In situ gelling systems that undergo sol–gel transition in 

response to physiological stimuli offer an advanced approach 

for controlled drug release. Thermosensitive polymers (e.g., 

poloxamers) remain liquid at room temperature for ease of 

administration but gel upon contact with nasal temperature, 

creating a depot effect. pH sensitive systems exploit the slight 

differences in nasal pH to trigger gelation, ensuring localized 

retention and gradual release of therapeutic payloads. Such 

platforms are particularly relevant for cytotoxic drugs, as they 

enable sustained delivery while minimizing systemic 

exposure.31 

5.4. Permeation enhancers 

To further improve drug flux across the nasal barrier, 

permeation enhancers are integrated into formulations. 

Surfactants modify membrane fluidity and enhance 

transcellular transport. Bile salts act by solubilizing lipophilic 

molecules and disrupting tight junctions, facilitating both 

paracellular and transcellular passage. Cyclodextrins form 

inclusion complexes with hydrophobic drugs, increasing 

aqueous solubility and stability while also modulating 

permeability. However, the choice and concentration of 

permeation enhancers must balance efficacy with potential 

mucosal irritation.32 

5.5. Optimization of physicochemical parameters 

The particle size, surface charge, and colloidal stability of 

formulations are pivotal for efficient nasal and neuronal 

uptake. Nanoparticles within the 50–200 nm range exhibit 

optimal penetration and distribution along olfactory and 

trigeminal pathways. Surface charge plays a dual role: 

positively charged systems enhance mucoadhesion and 

interaction with negatively charged mucin, while excessive 

cationic charge may induce toxicity. Ensuring physical and 

chemical stability during storage and administration is 

equally critical to prevent aggregation, drug leakage, or 

degradation, which could compromise therapeutic outcomes. 

Collectively, these formulation strategies provide a versatile 

toolkit for tailoring intranasal delivery systems. Their 

integration with emerging nanomedicine approaches holds 

promise for achieving effective, non-invasive therapy against 

brain tumors by circumventing the formidable BBB. The 

Table 2 gives comparative overview of formulation 

strategies for intranasal drug.33,34 
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6. Therapeutic Agents Delivered Intranasally 

6.1. Chemotherapeutic drugs 

Traditional smallmolecule chemotherapeutics, such as 

temozolomide and paclitaxel, have been explored for 

intranasal administration to enhance brain bioavailability 

while minimizing systemic toxicity. Temozolomide, the gold 

standard in glioblastoma therapy, faces challenges of 

resistance and doselimiting toxicity; intranasal delivery can 

provide higher localized concentrations with reduced 

peripheral exposure. Similarly, intranasal paclitaxel has 

shown potential in preclinical models to achieve therapeutic 

CNS levels that are otherwise constrained by efflux 

transporters when delivered systemically.35 

6.2. Immunotherapeutics 

The intranasal pathway also supports the delivery of 

immunomodulatory agents, including cytokines (e.g., 

interleukin2, interferons) and monoclonal antibodies 

targeting tumorassociated receptors. This approach 

capitalizes on mucosal immunological priming and neural 

transport to elicit both local and systemic antitumor 

responses. Intranasal administration of immunotherapeutics 

holds potential to synergize with checkpoint inhibitors, 

enhancing immune cell infiltration into brain tumors without 

necessitating high systemic exposure.36 

6.3. Gene and nucleic acid based therapies 

Innovative genebased interventions such as siRNA, miRNA, 

antisense oligonucleotides, and CRISPRassociated systems 

are increasingly being evaluated via the nasal route. These 

molecules can silence oncogenic signaling, restore tumor 

suppressor pathways, or modulate tumor microenvironment 

dynamics. The nasal mucosa offers a favorable interface for 

nonviral and nanoparticlemediated gene delivery, avoiding 

systemic degradation and enabling sustained release in target 

neural tissues. The ability of intranasal carriers to shield 

nucleic acids from nuclease activity and direct them across 

the olfactory epithelium makes this strategy particularly 

appealing for brain tumor therapeutics.37,38. 

6.4. Combination therapies and personalized medicine 

approaches 

Given the multifactorial nature of brain tumors, combination 

regimens integrating chemotherapeutics, 

immunotherapeutics, and genetic modulators are gaining 

attention. Intranasal codeliverysystemssuch as liposomal 

hybrids, polymeric nanoparticles, and mucoadhesive gelscan 

simultaneously transport multiple agents, enabling 

synergistic mechanisms against tumor heterogeneity. 

Furthermore, the evolution of personalized medicine, driven 

by molecular profiling of tumors, supports tailoring 

intranasal formulations to patientspecific genetic and 

immunological signatures. This convergence of 

nanotechnology, pharmacogenomics, and targeted drug 

delivery underscores the potential of intranasal therapy as a 

precision strategy for refractory brain tumors.39 

7. Challenges and Limitations 

7.1. Mucociliary clearance reducing drug residence time 

The nasal epithelium possesses a highly efficient mucociliary 

clearance system, consisting of ciliated epithelial cells 

embedded in a mucus layer that is continuously propelled 

posteriorly toward the nasopharynx. This natural defense 

mechanism, while essential for maintaining airway sterility, 

significantly reduces the intranasal residence time of 

administered formulations to a matter of minutes. Such rapid 

elimination severely restricts drug absorption, particularly for 

hydrophilic or macromolecular agents. Advanced 

formulation strategies such as incorporation of mucoadhesive 

polymers (e.g., chitosan, carbopol), thermoresponsive in situ 

gels, and nanoparticle carriers are being investigated to 

enhance retention time and prolong local contact with the 

absorptive mucosa.40 

7.2. Enzymatic degradation in nasal cavity 

The nasal cavity expresses a diverse repertoire of metabolic 

enzymes, including cytochrome P450 isoforms, esterases, 

proteases, and peptidases. These enzymes catalyze extensive 

presystemic metabolism, particularly for peptides, proteins, 

and nucleic acid–based therapeutics. For brain tumor therapy, 

where many investigational agents are bio macromolecules, 

enzymatic degradation poses a critical barrier by not only 

lowering drug bioavailability but also generating truncated 

fragments with unpredictable pharmacodynamics or 

immunogenicity. Stabilization strategies such as PEGylation, 

prodrug synthesis, nanoparticle encapsulation, and co-

administration of enzyme inhibitors have been explored to 

circumvent metabolic breakdown.41 

7.3. Irritation and patient compliance issues 

Intranasal formulations, especially those incorporating 

penetration enhancers (e.g., surfactants, bile salts, 

cyclodextrins), often induce epithelial irritation, nasal 

congestion, or microstructural disruption of tight junctions. 

Chronic administration may result in mucosal atrophy, 

impaired mucociliary clearance, or even olfactory 

dysfunction. For oncology patients—already subjected to 

multi-modal therapies with high side-effect burdens—

treatment-related nasal discomfort can markedly compromise 

compliance and long-term adherence. Hence, safety profiling 

of excipients, optimization of pH and osmolarity, and 

development of minimally irritating carrier systems remain 

essential for clinical acceptance.42 

7.4. Variability in anatomy and disease state affecting 

delivery 

The nasal cavity exhibits significant interindividual 

anatomical variability in terms of surface area, mucosal 

thickness, and airflow patterns, all of which directly affect 
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deposition efficiency. In addition, pathological alterations 

such as chronic rhinosinusitis, allergic rhinitis, or tumor-

induced anatomical distortion exacerbate variability in 

absorption. Tumor-related compression or invasion into 

nasal–cranial communication routes may further obstruct 

olfactory or trigeminal pathways, resulting in heterogeneous 

drug biodistribution. This anatomical and pathological 

variability complicates pharmacokinetic predictability and 

dose standardization in clinical populations.43 

7.5. Difficulty in targeting heterogeneous tumor regions 

Gliomas and other intracranial malignancies are 

characterized by profound spatial and molecular 

heterogeneity, encompassing proliferative tumor cores, 

necrotic centers, infiltrative margins, and highly vascularized 

peritumoral regions. Intranasally administered drugs, even if 

efficiently transported to the CNS, may preferentially 

accumulate in superficial or vascularized compartments 

while failing to achieve therapeutic concentrations in hypoxic 

or invasive tumor niches. This incomplete penetration 

reduces therapeutic efficacy and accelerates the risk of 

resistance. Multifunctional delivery systems such as 

receptor-targeted nanoparticles, stimuli-responsive carriers, 

and hybrid nanoplatforms capable of sustained releaseare 

being developed to address this distributional challenge.44 

7.6. Regulatory and scale-up challenges 

Translational progression of intranasal therapeutics 

encounters formidable regulatory hurdles. Safety 

assessments must account for chronic mucosal exposure, 

potential disruption of olfactory function, long-term 

immunogenicity of novel carriers, and variability in device 

performance. Furthermore, the lack of harmonized regulatory 

guidelines specific to intranasal brain-targeted therapies 

generates uncertainty in approval pathways. On the industrial 

side, scale-up of sophisticated nanosystems (e.g., lipid–

polymer hybrids, dendrimers, exosomes) is constrained by 

batch-to-batch reproducibility, stability, and cost-efficiency 

concerns. The integration of Quality by Design (QbD) 

principles, standardized nasal deposition testing protocols, 

and rigorous long-term toxicology evaluations will be critical 

for advancing intranasal therapies from laboratory innovation 

to clinical adoption.45 

8. Future Perspectives and Innovations 

8.1. Multimodal therapy combining intranasal delivery with 

imaging 

A promising frontier lies in integrating theranosticsthe 

simultaneous use of therapeutic and diagnostic modalitiesinto 

intranasal drug delivery. Coupling intranasal formulations 

with advanced imaging tools such as magnetic resonance 

imaging (MRI), positron emission tomography (PET), or 

fluorescence-based techniques can enable real-time tracking 

of drug distribution within the brain. This dual approach 

would not only enhance precision in targeting tumor 

microenvironments but also facilitate dynamic monitoring of 

therapeutic response, allowing timely optimization of dosage 

and delivery parameters.46 

8.2. Smart nanocarriers with tumor-targeting ligands 

Next-generation nanocarrier systems engineered for 

intranasal delivery are being designed with active targeting 

ligands including peptides, antibodies, and aptamers that 

recognize overexpressed receptors on glioblastoma and other 

brain tumor cells. Such ligand-functionalized carriers can 

significantly improve drug localization within tumor tissues, 

reduce systemic toxicity, and overcome heterogeneity in 

intratumoral penetration. Furthermore, the incorporation of 

stimuli-responsive mechanisms (e.g., pH, enzyme, or redox 

triggers) into these carriers can achieve on-demand drug 

release, thereby enhancing therapeutic precision and 

minimizing off-target effects.47 

8.3. Personalized intranasal therapy based on tumor 

genomics 

The era of precision oncology offers an opportunity to tailor 

intranasal therapies to the molecular landscape of individual 

tumors. Profiling genomic and transcriptomic signatures can 

guide the selection of chemotherapeutics, gene modulators, 

or RNA-based therapeutics best suited to a patient’s tumor 

subtype. Intranasal delivery platforms may serve as 

customizable vehicles for such individualized regimens, 

allowing rapid adaptation of therapeutic payloads to evolving 

tumor resistance mechanisms. Personalized intranasal 

therapy thus has the potential to transform treatment 

outcomes by aligning delivery strategies with tumor 

biology.16 

8.4. Combination with immunotherapy or gene therapy for 

enhanced efficacy 

Intranasal administration also represents a strategic partner 

for synergistic therapeutic modalities such as immunotherapy 

and gene therapy. Delivering immune checkpoint inhibitors, 

oncolytic viruses, or CRISPR-based gene-editing systems via 

the nasal route could bypass systemic clearance barriers and 

facilitate direct CNS immunomodulation. In particular, co-

delivery strategies that combine intranasal nanocarriers with 

immunotherapeutics or genetic payloads may overcome 

tumor immune evasion and induce durable antitumor 

responses. Such combination regimens hold promise for 

advancing intranasal delivery from a supportive adjunct to a 

core therapeutic pillar in brain tumor management.48-51 

9. Animal Studies Evidence 

Preclinical animal studies have provided convincing 

evidence supporting the potential of intranasal drug delivery 

for brain tumor therapy. Rodent models have demonstrated 

that intranasally administered anticancer drugs can 

effectively bypass the blood–brain barrier via olfactory and 

trigeminal pathways, leading to enhanced brain 
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accumulation. For example, temozolomide-loaded 

nanoparticles delivered intranasally showed improved brain 

bioavailability and prolonged survival in glioma-bearing rats, 

compared with conventional systemic routes. Similarly, 

doxorubicin-loaded nanocarriers administered intranasally 

achieved significant tumor regression with reduced systemic 

toxicity. These findings highlight the ability of the nasal route 

to achieve direct and sustained drug delivery to tumor sites 

within the central nervous system. Moreover, polymeric and 

lipid-based nanoparticle systems have shown promise in 

enhancing mucosal adhesion, permeability, and drug 

retention time in animal models. Overall, in vivo evidence 

strongly supports the translational potential of intranasal drug 

delivery as a noninvasive and efficient approach for 

managing brain tumors.52-55 

10. Conclusion 

Intranasal drug delivery has emerged as a promising, non-

invasive strategy to overcome the formidable challenge of 

delivering therapeutic agents to brain tumors. By capitalizing 

on the unique anatomical and physiological features of the 

nasal cavity, particularly the olfactory and trigeminal neural 

pathways, this approach provides a direct route to the CNS 

while circumventing the restrictive BBB. Preclinical 

investigations have consistently demonstrated the capacity of 

intranasal administration to enhance drug bioavailability 

within brain tissues, reduce systemic exposure, and 

potentially improve therapeutic indices for 

chemotherapeutics, biologics, and nanomedicine 

formulations.Despite these compelling advantages, the 

translation of intranasal delivery into routine clinical practice 

remains in its infancy. Variability in nasal physiology, 

mucociliary clearance, enzymatic barriers, and patient-

related factors such as dosing technique represent significant 

hurdles to consistent therapeutic outcomes. Moreover, while 

animal models have generated encouraging data, robust 

human trials validating efficacy, long-term safety, and 

reproducibility are urgently required. Integration of advanced 

delivery platformssuch as mucoadhesive systems, in situ 

gels, and targeted nanoparticlesmay further optimize 

residence time and drug distribution across relevant brain 

regions.Looking ahead, the future of intranasal drug delivery 

for brain tumors lies in multidisciplinary innovation. 

Collaborative efforts across pharmaceutical sciences, 

biomedical engineering, and clinical oncology will be 

essential to refine formulations, establish dosing regimens, 

and design patient-friendly devices that support adherence. 

With continued translational research and rigorous clinical 

validation, intranasal delivery has the potential to evolve into 

a transformative therapeutic modality, offering patients a 

safer, more effective, and accessible treatment paradigm for 

malignant brain tumors. 

11. Source of Funding 

None. 

12. Conflict of Interest 

None. 

References 

1. Pouyan A, Ghorbanlo M,  Eslami M. Glioblastoma Multiforme: 

Insights into Pathogenesis, Key Signaling Pathways, and 

Therapeutic Strategies. Mol Cancer. 2025;24, 58. 

https://doi.org/10.1186/s12943-025-02267-0. 

2. Salari N, Ghasemi H, Fatahian R, Mansouri K, Dokaneheifard S, 

Shiri MH. et al. The Global Prevalence of Primary Central Nervous 

System Tumors: A Systematic Review and Meta-Analysis. Eur J 

Med Res. 2023;28(1):39. https://doi.org/10.1186/s40001-023-

01011-y. 

3. Bonosi L, Marrone S, Benigno UE, Buscemi F, Musso S, Porzio M. 

Maximal Safe Resection in Glioblastoma Surgery: A Systematic 

Review of Advanced Intraoperative Image-Guided Techniques. 

Brain Sci. 2023;13(2):216. 

https://doi.org/10.3390/brainsci13020216. 

4. Xie Q, Liang P, Li G. Outcomes of Primary Intracerebral 

Hemorrhage: Risk Factors, Mechanisms, and Prognosis. World 

Neurosurg. 2021;150:76–e86. 

https://doi.org/10.1016/j.wneu.2021.02.047. 

5. Li G, Li X, Lou Z, Xu J, Ma Y, Li X, Liu Q, Sun T. Recent Advances 

in Copper Sulfide Nanoparticles for Cancer Diagnosis and Therapy. 

Mater Today Bio. 2025;34:102197. 

https://doi.org/10.1016/j.mtbio.2025.102197. 

6. Qiu Y, Huang S, Peng L, Yang L, Zhang G, Liu T. The Nasal-Brain 

Drug Delivery Route: Mechanisms and Applications to Central 

Nervous System Diseases. Med Comm. 2025;6(6):e70213. 

https://doi.org/10.1002/mco2.70213. 

7. Nguyen TTL, Duong VA. Advancements in Nanocarrier Systems for 

Nose-to-Brain Drug Delivery. Pharmaceuticals. 2025;18:615. 

https://doi.org/10.3390/ph18050615. 

8. Chung S, Peters JM, Detyniecki K, Tatum W, Rabinowicz AL, 

Carrazana E. The Nose Has It: Opportunities and Challenges for 

Intranasal Drug Administration for Neurologic Conditions 

Including Seizure Clusters. Epilepsy Behav Rep. 2022;21:100581. 

https://doi.org/10.1016/j.ebr.2022.100581. 

9. Sobiesk JL, Munakomi S. Anatomy, Head and Neck, Nasal Cavity. 

StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 

2025. https://www.ncbi.nlm.nih.gov/books/NBK544232/. 

10. Freeman SC, Karp DA.; Kahwaji, C. I. Physiology, Nasal. 

StatPearls. Treasure Island (FL): StatPearls Publishing; 

2025;https://www.ncbi.nlm.nih.gov/books/NBK526086/. 

11. Purves D, Augustine GJ, Fitzpatrick, D.; et al. Neuroscience. 2nd 

ed. Sunderland (MA): Sinauer Associates; 2001. The Olfactory 

Epithelium and Olfactory Receptor Neurons. 

https://www.ncbi.nlm.nih.gov/books/NBK10896/. 

12. Huff T, Weisbrod LJ, Daly D.T. Neuroanatomy, Cranial Nerve 5 

(Trigeminal). StatPearls. Treasure Island (FL): StatPearls 

Publishing; 2025. 

https://www.ncbi.nlm.nih.gov/books/NBK482283/. 

13. Zhang R, Zhang L, Li P, Pang K, Liu H, Tian L. et al. Epithelial 

Barrier in the Nasal Mucosa, Related Risk Factors and Diseases. Int 

Arch Allergy Immunol. 2023;184(5):481–501. 

https://doi.org/10.1159/000528969. 

14. Kadry H, Noorani B, Cucullo L. A Blood–Brain Barrier Overview 

on Structure, Function, Impairment, and Biomarkers of Integrity. 

Fluids Barriers CNS. 2020;17,69. https://doi.org/10.1186/s12987-

020-00230-3. 

15. Dotiwala AK, McCausland C, Samra NS. Anatomy, Head and Neck: 

Blood Brain Barrier. StatPearls. Treasure Island (FL): StatPearls 

Publishing; 2025. 

https://www.ncbi.nlm.nih.gov/books/NBK519556/. 

16. Wu D, Chen Q Chen, X.; Han, F.; Chen, Z.; Wang, Y. The Blood-

Brain Barrier: Structure, Regulation, and Drug Delivery. Signal 

Transduct. Target Ther. 2023;8(1):217. 

https://doi.org/10.1038/s41392-023-01481-w. 

https://doi.org/10.1186/s12943-025-02267-0
https://doi.org/10.1186/s40001-023-01011-y
https://doi.org/10.1186/s40001-023-01011-y
https://doi.org/10.3390/brainsci13020216
https://doi.org/10.1016/j.wneu.2021.02.047
https://doi.org/10.1016/j.mtbio.2025.102197
https://doi.org/10.1002/mco2.70213
https://doi.org/10.3390/ph18050615
https://doi.org/10.1016/j.ebr.2022.100581
https://www.ncbi.nlm.nih.gov/books/NBK544232/
https://www.ncbi.nlm.nih.gov/books/NBK526086/
https://www.ncbi.nlm.nih.gov/books/NBK10896/
https://www.ncbi.nlm.nih.gov/books/NBK482283/
https://doi.org/10.1159/000528969
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1186/s12987-020-00230-3
https://www.ncbi.nlm.nih.gov/books/NBK519556/
https://doi.org/10.1038/s41392-023-01481-w


69 Mane et al. / IP Indian Journal of Anatomy and Surgery of Head, Neck and Brain 2025;11(3):61-70 

17. Pinkiewicz M, Zaczyński A, Walecki J, Zawadzki, M. Beyond the 

Walls of Troy: A Scoping Review on Pharmacological Strategies to 

Enhance Drug Delivery Across the Blood–Brain Barrier and Blood–

Tumor Barrier. Int J Mol Sci. 2025; 26(15):7050. 

https://doi.org/10.3390/ijms26157050. 

18. Kawauchi, D.; Narita, Y. The Curse of Blood-Brain Barrier and 

Blood-Tumor Barrier in Malignant Brain Tumor Treatment. Int J 

Clin Oncol. 2025;30(7):1276–86. https://doi.org/10.1007/s10147-

025-02777-3. 

19. Henke E, Nandigama R, Ergün S. Extracellular Matrix in the Tumor 

Microenvironment and Its Impact on Cancer Therapy. Front Mol 

Biosci. 2020;6:160. https://doi.org/10.3389/fmolb.2019.00160. 

20. Wu X, Zang R, Qiu Y, Zhang Y, Peng J, Cheng Z. Intranasal Drug 

Delivery Technology In the Treatment of Central Nervous System 

Diseases: Challenges, Advances, and Future Research Directions. 

Pharmaceutics.2025;17(6):775. 

https://doi.org/10.3390/pharmaceutics17060775. 

21. Lofts A, Abu-Hijleh F, Rigg N. Using the Intranasal Route to 

Administer Drugs to Treat Neurological and Psychiatric Illnesses: 

Rationale, Successes, and Future Needs. CNS Drugs. 

2022;36(7):739-70. https://doi.org/10.1007/s40263-022-00930-4. 

22. Lemmer HJR, Hamman JH. Paracellular Drug Absorption 

Enhancement Through Tight Junction Modulation. Expert Opin 

Drug Deliv. 2013;10(1): 103–14. 

https://doi.org/10.1517/17425247.2013.745509. 

23. Monaco A, Ovryn B, Axis J, Amsler K. The Epithelial Cell Leak 

Pathway. Int J Mol Sci. 2021;22(14):7677. 

https://doi.org/10.3390/ijms22147677. 

24. Pawar B, Vasdev N, Gupta T, Mhatre M, More A, Anup N. Current 

Update on Transcellular Brain Drug Delivery. Pharmaceutics 

2022;14(12):2719. 

https://doi.org/10.3390/pharmaceutics14122719. 

25. Almahmoud A. Parekh HS, Paterson BM, Tupally KR, Vegh V. 

Intranasal Delivery of Imaging Agents to the Brain. Theranostics 

2024;14(13):5022–101. https://doi.org/10.7150/thno.98473. 

26. Crowe TP, Hsu WH. Evaluation of Recent Intranasal Drug Delivery 

Systems to the Central Nervous System. Pharmaceutics 

2022;14(3):629. https://doi.org/10.3390/pharmaceutics14030629. 

27. Keller LA, Merkel O, Popp A. Intranasal Drug Delivery: 

Opportunities and Toxicologic Challenges During Drug 

Development. Drug Deliv. Transl. Res. 2022;12(4):735-57. 

https://doi.org/10.1007/s13346-020-00891-5. 

28. Polshettiwar S, Khuspe P, Chaudhari V,  Kuchekar A. Self-

Nanoemulsifying Drug Delivery Systems (SNEDDS) in Central 

Nervous System Diseases. In Application of Self-Nanoemulsifying 

Drug Delivery Systems in Inflammatory Diseases; Singh S.K, 

Mehndiratta S. Paudel KR, de Rubis G, Dureja H, Dua K,  Eds CRC 

Press: Boca Raton, 2025; Chapter 9. 

https://doi.org/10.1201/9781032697475-9. 

29. Mall J, Naseem N, Haider MF, Rahman MA. Khan S, Siddiqui SN. 

Nanostructured Lipid Carriers as a Drug Delivery System: A 

Comprehensive Review with Therapeutic Applications. Intell. 

Pharm. 2024;2:100415. https://doi.org/10.1016/j.ipha.2024.09.005. 

30. Mura P, Maestrelli F, Cirri M, Mennini N. Multiple Roles of 

Chitosan in Mucosal Drug Delivery: An Updated Review. Mar 

Drugs. 2022;20(5):335. https://doi.org/10.3390/md20050335. 

31. Garg A, Agrawal R, Chauhan CS, Deshmukh R. In-situ Gel: A Smart 

Carrier for Drug Delivery. Int J Pharm. 2024;652:123819. 

https://doi.org/10.1016/j.ijpharm.2024.123819. 

32. Nguyen TT, Duong VA. Advancements in Nanocarrier Systems for 

Nose-to-Brain Drug Delivery. Pharmaceuticals (Basel) 

2025:18(5):615. https://doi.org/10.3390/ph18050615. 

33. Dighe S, Jog S, Momin M, Sawarkar S, Omri A. Intranasal Drug 

Delivery by Nanotechnology: Advances in and Challenges for 

Alzheimer’s Disease Management. Pharmaceutics 2023;16(1):58. 

https://doi.org/10.3390/pharmaceutics16010058. 

34. Alghareeb S, Asare-Addo K, Conway B, Adebisi A. PLGA 

Nanoparticles for Nasal Drug Delivery. J Drug Deliv Sci Technol. 

2024;95:105564. https://doi.org/10.1016/j.jddst.2024.105564. 

35. Duan M, Cao R, Yang Y, Chen X, Liu L, Ren B. Blood-Brain Barrier 

Conquest in Glioblastoma Nanomedicine: Strategies, Clinical 

Advances, and Emerging Challenges. Cancers. 2024;16(19):3300. 

https://doi.org/10.3390/cancers16193300. 

36. Kehagia E, Papakyriakopoulou P, Valsami G. Advances in Intranasal 

Vaccine Delivery: A Promising Non-Invasive Route of 

Immunization. Vaccine 2023;41(24):3589–603. 

https://doi.org/10.1016/j.vaccine.2023.05.011. 

37. Barresi V, Musmeci C, Rinaldi A, Condorelli DF. Transcript-

Targeted Therapy Based on RNA Interference and Antisense 

Oligonucleotides: Current Applications and Novel Molecular 

Targets. Int J Mol Sci. 2022;23:8875. 

https://doi.org/10.3390/ijms23168875. 

38. Loushambam B, Shimray MMK, Khangembam R, Krishnaswami V, 

Vijayaraghavalu S. Nanomedicine-Based Advances in Brain Cancer 

Treatment—A Review. Neuroglia. 2025;6(3):28. 

https://doi.org/10.3390/neuroglia6030028. 

39. Wang X, Wu C, Liu S, Peng D. Combinatorial Therapeutic 

Strategies for Enhanced Delivery of Therapeutics to Brain Cancer 

Cells Through Nanocarriers: Current Trends and Future 

Perspectives. Drug Deliv. 2022;29(1):1370–83. 

https://doi.org/10.1080/10717544.2022.2069881. 

40. Chegini Z, Noei M, Hemmati J. The Destruction of Mucosal 

Barriers, Epithelial Remodeling, and Impaired Mucociliary 

Clearance: Possible Pathogenic Mechanisms of Pseudomonas 

aeruginosa and Staphylococcus aureus in Chronic Rhinosinusitis. 

Cell Commun. Signal. 2023;21(1):306. 

https://doi.org/10.1186/s12964-023-01347-2. 

41. Minn, A. Drug Transport into the Mammalian Brain: The Nasal 

Pathway and Its Specific Metabolic Barrier. J Drug Target. 

2002;10(4):285–96. https://doi.org/10.1080/713714452. 

42. Velloso MI, Landoni F. Penetration Enhancers for the Development 

of Intranasal Formulations for Use in Equines. Int J Equine Sci. 

2022;1(1):16–32. https://doi.org/10.64292/ijes.9. 

43. Cellina, M.; Gibelli, D.; Cappella, A.; Martinenghi, C.; Belloni, E.; 

Oliva, G. Nasal Cavities and the Nasal Septum: Anatomical Variants 

and Assessment of Features with Computed Tomography. 

Neuroradiology J. 2020, 33 (4), 340–347. 

https://doi.org/10.1177/1971400920913763. 

44. Schaff, L. R.; Mellinghoff, I. K. Glioblastoma and Other Primary 

Brain Malignancies in Adults: A Review. JAMA 2023, 329 (7), 574–

587. https://doi.org/10.1001/jama.2023.0023. 

45. Tenchov R, Hughes KJ, Ganesan M, Iyer KA, Ralhan K, Diaz L. et 

al. Transforming Medicine: Cutting-Edge Applications of 

Nanoscale Materials in Drug Delivery. ACS Nano. 

2025;19(4):4011–4038. https://doi.org/10.1021/acsnano.4c09566. 

46. Guzmán-Sastoque P, Rodríguez CF,  Monsalve MC, Castellanos S, 

Manrique-Moreno A, Reyes LH. Et al. Nanotheranostics 

Revolutionizing Gene Therapy: Emerging Applications in Gene 

Delivery Enhancement. J Nanotheranostics. 2025;6:10. 

https://doi.org/10.3390/jnt6020010. 

47. Di Filippo LD, de Carvalho SG, Duarte JL, Luiz MT, Paes Dutra JA, 

de Paula GA. et al. A Receptor-Mediated Landscape of Druggable 

and Targeted Nanomaterials for Gliomas. Mater. Today Bio 

2023:20:100671. https://doi.org/10.1016/j.mtbio.2023.100671. 

48. Hoeben A, Joosten EAJ,  van den Beuken-van Everdingen MHJ. 

Personalized Medicine: Recent Progress in Cancer Therapy. 

Cancers. 2021;13(2):242. https://doi.org/10.3390/cancers13020242. 

49. Wu X, Zang R, Qiu Y, Zhang Y, Peng J, Cheng Z. et al. Intranasal 

Drug Delivery Technology in the Treatment of Central Nervous 

System Diseases: Challenges, Advances, and Future Research 

Directions. Pharmaceutics 2025;17(6):775. 

https://doi.org/10.3390/pharmaceutics17060775. 

50. Veronesi MC, Alhamami M, Miedema SB, Yun Y. Ruiz-Cardozo M, 

Vannier MW. Imag Intran Drug Deliv Brain Am J Nucl Med. Mol 

Imag. 2020:10(1):1–31. 

51. Dhuria SV, Hanson LR, Frey WH. Intranasal Delivery to the Central 

Nervous System: Mechanisms and Experimental Considerations. J 

Pharm Sci. 2010;99(4):1654–73. https://doi.org/10.1002/jps.21924 

https://doi.org/10.3390/ijms26157050
https://doi.org/10.1007/s10147-025-02777-3
https://doi.org/10.1007/s10147-025-02777-3
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.3390/pharmaceutics17060775
https://doi.org/10.1007/s40263-022-00930-4
https://doi.org/10.1517/17425247.2013.745509
https://doi.org/10.3390/ijms22147677
https://doi.org/10.3390/pharmaceutics14122719
https://doi.org/10.7150/thno.98473
https://doi.org/10.3390/pharmaceutics14030629
https://doi.org/10.1007/s13346-020-00891-5
https://doi.org/10.1201/9781032697475-9
https://doi.org/10.1016/j.ipha.2024.09.005
https://doi.org/10.3390/md20050335
https://doi.org/10.1016/j.ijpharm.2024.123819
https://doi.org/10.3390/ph18050615
https://doi.org/10.3390/pharmaceutics16010058
https://doi.org/10.1016/j.jddst.2024.105564
https://doi.org/10.3390/cancers16193300
https://doi.org/10.1016/j.vaccine.2023.05.011
https://doi.org/10.3390/ijms23168875
https://doi.org/10.3390/neuroglia6030028
https://doi.org/10.1080/10717544.2022.2069881
https://doi.org/10.1186/s12964-023-01347-2
https://doi.org/10.1080/713714452
https://doi.org/10.64292/ijes.9
https://doi.org/10.1177/1971400920913763
https://doi.org/10.1001/jama.2023.0023
https://doi.org/10.1021/acsnano.4c09566
https://doi.org/10.3390/jnt6020010
https://doi.org/10.1016/j.mtbio.2023.100671
https://doi.org/10.3390/cancers13020242
https://doi.org/10.3390/pharmaceutics17060775
https://doi.org/10.1002/jps.21924


70 Mane et al. / IP Indian Journal of Anatomy and Surgery of Head, Neck and Brain 2025;11(3):61-70 

52. Kumar NN, Gautam M, Lochhead JJ. Relative Contribution of 

Olfactory and Trigeminal Pathways in Nasal Delivery of CNS-

Acting Drugs: Studies in Rodents. Mol Pharm. 2018;15(12):5584–

93. https://doi.org/10.1021/acs.molpharmaceut.8b00594 

53. Yang Z, Zhang Y, Yang Y. Intranasal Delivery of Temozolomide-

Loaded Nanoparticles for Brain Tumor Therapy in Rats. Int J 

Pharm.2023;633:122623. 

https://doi.org/10.1016/j.ijpharm.2023.122623. 

54. Badhan RKS, Kaur M, Badhan SK. Nose-to-Brain Transport of 

Polymeric Nanoparticle-Encapsulated Anticancer Drugs: Evidence 

from Preclinical Models. Eur. J. Pharm. Biopharm. 2022:176, 95–

106. https://doi.org/10.1016/j.ejpb.2022.04.004 

55. Al-Ghananeem AM, Malkawi AH, Muammer YM. Intranasal 

Delivery of Doxorubicin for Brain Tumor Treatment in Rat Model. 

Drug Dev. Ind. Pharm. 2020;46(9):1490–8. 

https://doi.org/10.1080/03639045.2020.1781256. 

 

Cite this article: Mane DV, Purohit R, Pawar T, Sutar A, Kurde 

R. Intranasal drug delivery for brain tumors: Promise and 

challenges. IP Indian J Anat Surg Head, Neck Brain 

2025;11(1):61-70. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1021/acs.molpharmaceut.8b00594
https://doi.org/10.1016/j.ijpharm.2023.122623
https://doi.org/10.1016/j.ejpb.2022.04.004
https://doi.org/10.1080/03639045.2020.1781256

