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Abstract— Head and neck cancer (HNC) accounts for approximately
930,000 new cases and 470,000 deaths annually, with squamous cell
carcinoma (HNSCC) of the upper aerodigestive tract representing the
dominant histology. Tobacco use, alcohol consumption and high-risk human
papillomavirus infection are the principal risk factors. Standard-of-care
modalities such as surgery, radiotherapy, chemotherapy and photodynamic
therapy frequently fail in advanced disease because of off-target toxicity and
inherent or acquired resistance. Recent insights into the tumor
(TME)

extracellular-matrix remodeling and immunosuppression have revealed

microenvironment characterized by hypoxia, acidic pH,
actionable therapeutic targets. This review synthesizes how nanotechnology
exploits these TME features to enhance HNC diagnosis and treatment. We
first delineate the unique TME landscape of HNSCC and then classify TME-
responsive nanoplatforms according to their design principles: pH, redox,
enzyme or hypoxia-triggered release; active targeting of overexpressed
receptors, and multimodal theranostics. Subsequent sections evaluate
diagnostic applications (MRI, CT, PET, optical and molecular imaging) and
including chemotherapy delivery,

therapeutic strategies,

immunomodulation and combination regimens. Finally, we address
translational bottlenecks biocompatibility, manufacturing scalability, tumor
heterogeneity, regulatory complexity and propose precision-nanomedicine
that  TME-activated
nanoplatforms achieve superior tumor accumulation, reduced systemic

Multifunctional

solutions.  Pre-clinical studies demonstrate

toxicity and integrated imaging-therapy functions.

nanocarriers that co-load chemotherapeutics, photosensitizers and immune
checkpoint inhibitors further exhibit synergistic anti-tumor activity.
Although biodistribution,  batch-to-batch

challenges  related to
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reproducibility and patient stratification persist. Interdisciplinary efforts
spanning materials science, oncology and regulatory science are poised to
accelerate the clinical translation of TME-focused nanotheranostics toward

individualized HNC management.
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L INTRODUCTION

Head and neck cancer (HNC) is the seventh most common
malignancy worldwide, encompassing tumors of the larynx,
pharynx and oral cavity [1]. Each year it accounts for
approximately 930,000 new cases and 470,000 deaths [2].
Roughly 90% of these lesions are mucosal squamous cell
carcinomas (HNSCC) [3]. Major risk factors include
tobacco use, alcohol consumption and high-risk human
papillomavirus infection; the latter is particularly relevant
to oropharyngeal tumors. Despite therapeutic advances,
five-year survival for advanced HNSCC remains below 50%
[31].

Standard-of-care modalities such as surgery, radiotherapy,
chemotherapy and photodynamic therapy [4] are limited by
systemic toxicity and off-target effects [5]. Late diagnosis,
intrinsic resistance and post-treatment relapse further

compromise efficacy [5]. Cisplatin-based regimens, for
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example, frequently induce nephrotoxicity and ototoxicity
[6]. These shortcomings have intensified interest in tumor
targeted nanotechnologies. Engineered nanoparticles offer
tumor specific delivery, multimodal therapy and reduced
systemic exposure [7]. Recent advances include TME-
responsive

bio-nanocomposites that exploit

microenvironmental cues for precision treatment.

Head and neck TME is a highly heterogeneous ecosystem
composed of malignant cells, cancer-associated fibroblasts,
immune infiltrates, a leaky vasculature and a dense
extracellular ~ matrix  [8].  Bidirectional  crosstalk
continuously reshapes this milieu: hypoxic tumor cells up-
regulate pro-invasive stromal genes, while CAFs secrete

cytokines and matrix proteins that facilitate invasion [9].

Nanotechnology provides versatile solutions [10]. Stimuli
responsive platforms achieve tumor specific drug release by

exploiting pH sensitive linkers, redox labile bonds or
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enzyme cleavable matrices [11]. Functional additives such
as photosensitizers, metallic or magnetic cores, further
enable imaging and combinatorial therapy [12]. Surface
functionalization (EGFR ligands, folate) mediates active
targeting, whereas the EPR effect drives passive
accumulation [13]. Multifunctional architectures can co-
deliver chemotherapeutics, immunomodulators and
imaging agents while navigating biological barriers such as

abnormal vessels or dense ECM [14].

Here, we review the state-of-the-art in TME-responsive
nanoplatforms for HNC. We first dissect the unique features
of the HNC-TME, then classify design strategies that
respond to pH, redox, enzymatic activity or hypoxia.
Subsequent sections evaluate diagnostic applications
(molecular assays and advanced imaging) and therapeutic
interventions  (chemotherapy, = immunotherapy  and
combination regimens). Finally, we outline translational
challenges and future directions. By integrating materials
science with tumor biology, TME-activated nanoplatforms

promise to transform HNC theranostics.

Tumor microenvironment(TME) of Head and Neck Cancer
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1I. CHARACTERISTICS OF THE TUMOR
MICROENVIRONMENT IN HEAD AND NECK
CANCER

The tumor microenvironment (TME) of head and neck
cancer (HNC) is a multicellular and multifactorial
ecosystem that orchestrates tumor growth, invasion and
metastasis (Fig. 1) [15]. Although conventional therapies
have traditionally targeted malignant cells, accumulating
evidence indicates that stromal, immune and extracellular
components critically modulate therapeutic efficacy [15].
Head and neck squamous cell carcinoma (HNSCC), which
accounts for the vast majority of HNC, displays a
heterogeneous TME composed of cancer cells, cancer-
associated fibroblasts (CAFs), immune infiltrates and an
abundant extracellular matrix (ECM) (Fig. 1) [16]. Single-
cell RNA-sequencing studies have revealed pronounced
transcriptional, developmental, metabolic and functional
heterogeneity among these populations [17]. Consequently,
the TME constitutes both a barrier to conventional therapy
and an attractive target for next-generation nanomedicine
[18].
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Fig.1 Cross section of Tumor Microenvironment (TME) in Head and Neck Cancer @BioRender.com

Immunosuppressive infiltrates

HNSCC lesions are densely infiltrated by regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs) and
tumor-associated macrophages (TAMs) [19]. These
populations express checkpoint ligands (e.g., PD-L1) and
secrete inhibitory cytokines such as TGF-B and IL-10,
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thereby attenuating cytotoxic T-cell activity [20]. Under
hypoxia, HIF-la up-regulation further amplifies PD-L1
expression, enhances EGFR signaling and promotes
vascular  abnormalities,

collectively  skewing the

microenvironment toward immune tolerance [21].
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Aberrant angiogenesis and hypoxia

in HNSCC

producing tortuous, hyperpermeable vessels that generate

Neo-angiogenesis is rapid yet chaotic,
heterogeneous perfusion and widespread hypoxia [22].
Tumor hypoxia is an independent predictor of poor
prognosis and is associated with aggressive behavior,
chemo and radio-resistance and inferior clinical outcomes
[23], [24].

immunosuppression by recruiting Tregs and MDSCs,

In  addition, hypoxia reinforces

thereby complicating therapeutic interventions [24].
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Extracellular matrix remodeling

The HNSCC ECM is enriched in collagen, fibronectin and
proteoglycans [25]. CAFs and cancer cells continuously
remodel this matrix: collagen becomes hyper-cross-linked
and fibers align, increasing tissue stiffness (Fig. 2) [25].
Overexpressed matrix metalloproteinases (MMP-2, MMP-
9) degrade basement-membrane components, facilitating
invasion and metastasis [26]. Paradoxically, the same dense
matrix impedes drug diffusion, causing therapeutic agents

to become entrapped within the stroma [27].
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Fig. 2 Cellular components in TME @BioRender.com

Chronic inflammation

Chronic inflammation driven by tobacco, alcohol, viral
infections or tissue trauma is a hallmark of HNSCC [28].
Infiltrating neutrophils, macrophages and other myeloid
cells release IL-6, IL-8, TNF-a and macrophage migration
inhibitory factor (MIF), which promote angiogenesis,
epithelial mesenchymal transition (EMT) and immune
evasion [29]. These cytokines also recruit additional
suppressive immune cells and remodel the ECM, thereby
establishing a self-perpetuating inflammatory niche that

sustains tumor progression [29].

DESIGN STRATEGIES OF NANOPLATFORMS
BASED ON THE TUMOR
MICROENVIRONMENT

Recent advances in nanomedicine have generated a diverse

arsenal of platforms for head and neck cancer (HNC) (Fig.
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3) [30

metallic,

]. These systems can be broadly categorized as

lipid-based, polymeric or inorganic, each
engineered to exploit unique features of the tumor

microenvironment (TME).
Metallic and inorganic nanosystems

Gold nanoparticles (Au NPs) serve dual roles: upon near-
infrared (NIR) irradiation they mediate photothermal
therapy (PTT) [31], [32

enhances radiotherapy via secondary-electron emission [33].

], while their high atomic number

Iron oxide nanoparticles (Fe;O4) provide magnetic-
hyperthermia and magnetically guided drug delivery [34].
Cerium oxide (CeO;) NPs protect normal tissues from
radiation-induced oxidative injury yet sensitize tumor cells
through redox modulation [35]. Gadolinium (Gd) and silver
(Ag) NPs generate reactive oxygen species (ROS) to
potentiate radiation and induce apoptosis [36], [37]. Gd NPs
additionally benefit from low intrinsic toxicity, renal

clearance and preferential tumor accumulation via the EPR
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effect [38].
Lipid-based nanocarriers

Liposomes and nanomicelles possess a phospholipid
architecture that simultaneously accommodates hydrophilic
and hydrophobic payloads [39]. Surface PEGylation and
active ligands (e.g., anti-EGFR antibodies) prolong
circulation and enhance tumor specificity [40], [41].
Clinically,  liposomal  cisplatin =~ has  improved
pharmacokinetics and reduced nephrotoxicity in HNC

patients [42].

Polymeric and solid-lipid platforms

International Journal of Advanced Engineering Research and Science, 12(10)-2025

Poly(lactic-co-glycolic acid) (PLGA) and chitosan NPs
offer  controlled-release
biocompatibility [43]. Solid-lipid nanoparticles (SLNPs,
50-1000 nm) encapsulate both hydrophilic and lipophilic

kinetics and excellent

drugs within a solid-lipid core, shielding them from
degradation and minimizing systemic exposure [44], [45].
Incorporating liquid lipids into the matrix increases drug
loading by creating lattice imperfections [46]; SLNPs
loaded with andrographolide, for instance, enhance anti-
HNC efficacy at reduced doses [47].
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Fig.3 Nanoparticle advancements in contemporary HNC treatment @BioRender.com

Mesoporous silica nanoparticles (MSNPs)

MSNPs possess FDA-recognized safety, uniform pore sizes
(2-23 nm) and high loading capacity [48]. Surface
functionalization enables siRNA or drug co-delivery,
pH/redox-responsive release and immune evasion [49]. A
single MSNP can simultaneously carry doxorubicin and
MDR1-siRNA to overcome chemoresistance while

lowering cardiotoxicity [50].
Stimuli-responsive “smart” systems

Third and fourth generation nanocarriers exploit intrinsic
TME cues or external triggers for on-demand drug release
[51], [52]. pH-sensitive polymers or acid-labile linkers (e.g.,

hydrazone) disintegrate in the acidic extracellular milieu.

wWww.ijaers.com

Redox-responsive carriers containing disulfide bonds
rupture under high intracellular glutathione levels [53].
Enzyme-cleavable coatings (MMP- or hyaluronidase-
sensitive) fragment upon contact with overexpressed
proteases. Hypoxia-activated prodrugs (nitroimidazoles,
quinones) are reduced only under <2 % O,, generating
cytotoxic radicals while sparing normal tissue [54].
Combinatorial triggers (e.g., pH + redox) can be integrated

for even stricter spatiotemporal control.
Immune-regulating nanoplatforms

Nanoparticles can deliver or modulate immunomodulators
directly within the TME. Checkpoint blockade: anti-PD-L1-
decorated NPs restore exhausted T cells [55]. TAM/Treg

Page | 5


http://www.ijaers.com/

Vitalis et al.

reprogramming: mannose- or folate-coated NPs deliver
CSF-1R inhibitors or siRNA to suppress Tregs and M2-like
TAMs. Vaccination: antigen/adjuvant-loaded NPs traffic to
lymph nodes, inducing dendritic-cell maturation and
cytotoxic T-cell priming. Microenvironment remodeling:
CaCOs NPs neutralize lactic acidosis, while collagenase-
loaded NPs degrade dense ECM to enhance immune cell

infiltration.
Multifunctional theranostic nanosystems

Advanced platforms integrate therapy and imaging within a
single vector. Gold or Gd NPs provide CT/MRI contrast,
whereas superparamagnetic iron oxide enables real-time
MRI tracking [56]. Composite nanosystems can co-deliver
chemotherapeutics, photosensitizers and photothermal
agents for triple-combination therapy (chemotherapy +
PDT + PTT), as demonstrated with graphene
oxide/doxorubicin/protoporphyrin  IX nanocomposites.

Such theranostic strategies enable image-guided, on-

International Journal of Advanced Engineering Research and Science, 12(10)-2025

demand therapy and hold promise for precision oncology.

Iv. APPLICATIONS OF NANOPLATFORMS
BASED ON THE TME IN DIAGNOSIS

4.1 Imaging Diagnosis

Nanoplatforms endow conventional imaging modalities
with higher sensitivity, specificity and molecular

information.
Magnetic Resonance Imaging (MRI)

Gadolinium-based nanocrystals and superparamagnetic
iron oxide nanoparticles (SPIONs) shorten T; or T»
relaxation times and preferentially accumulate in tumors via
the EPR effect. Ultra-small NaGdF4 nanocrystals coated
with MnO, have enabled T;-weighted hypoxia mapping in
HNSCC xenografts [57]. Although still pre-clinical, these
agents outperform conventional gadolinium chelates in both

relaxivity and targeting specificity.

Fig.4 Magnetic Resonance Imaging (MRI) @BioRender.com

Computed Tomography (CT)

High-atomic-number nanoparticles-gold or bismuth-

strongly  attenuate  X-rays, permitting  micro-CT

visualization of sub-centimetre HNSCC lesions. Antibody-

wWww.ijaers.com

or peptide-conjugated gold nanoprobes have illuminated
occult tumors that were invisible with iodinated contrast
[58]. Ongoing work is refining ligand density and renal

clearance profiles for clinical translation.
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Positron Emission Tomography (PET) and polymeric NPs have been used to quantify drug delivery

Radiolabeling nanocarriers with '$F, *Cu or °*Ga merges to  primary tumors and to detect lymph-node

the pharmacokinetic advantages of nanoparticles with micrometastases [60], [61]. Such nanotracers may soon

PET’s picomolar sensitivity [59]. Radiolabeled liposomes guide individualized staging and adaptive therapy planning.
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Fig. 6 Position Emission Tomography (PET) @BioRender.com
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4.2 Optical Imaging
Fluorescence Imaging

Quantum dots, upconversion nanocrystals and dye-loaded
polymer NPs provide NIR fluorescence that delineates
tumor margins intra-operatively. pH-activatable nanoprobes
that “light up” only in acidic TME further improve signal-
to-background ratios [62].

International Journal of Advanced Engineering Research and Science, 12(10)-2025

Photoacoustic Imaging (PAI)

Gold nanorods, carbon nanotubes and MnQO;-coated
nanocrystals absorb NIR light and generate ultrasound
waves, yielding high-resolution, non-ionizing images.
Hybrid NaGdF4@MnO; probes have simultaneously
mapped hypoxia by PAI and MRI in HNC models [63].
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4.3 Molecular Diagnosis
Biomarker Detection

Gold or copper-oxide nanosensors functionalized with
antibodies or aptamers enable femtomolar detection of
salivary IL-6, IL-8 and TNF-a-established oral cancer
biomarkers [64]. Colorimetric or electrochemical readouts

facilitate point-of-care screening.
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Genomic Testing

Nanoparticle-augmented PCR, isothermal amplification
and nanopore sequencing achieve attomolar sensitivity for
circulating tumor DNA (ctDNA). Gold nanocluster probes,
for example, have detected single-exon deletions in BRCA1
[65]; analogous strategies are being adapted for TP53 or
PIK3CA mutations in HNC [66].
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Fig. 8 Biomarker Detection and Genomic Testing @BioRender.com

V. APPLICATIONS OF NANOPLATFORMS
BASED ON THE TME IN HNC THERAPY

5.1 Chemotherapy Delivery

Encapsulating cytotoxic agents in liposomes, polymeric
micelles or dendrimers increases tumor exposure while
sparing healthy tissue. Stimuli-responsive carriers release
doxorubicin or paclitaxel preferentially within the acidic,
enzyme-rich TME, achieving superior growth inhibition in
HNSCC xenografts with fewer systemic side effects. Active
targeting via folate, anti-EGFR antibodies or RGD peptides
further concentrates the payload at the lesion [67]. Early-
phase trials of pegylated liposomal cisplatin and albumin-
bound paclitaxel already report improved tolerability in

recurrent/metastatic HNC.
5.2 Immunotherapy

Nanoparticles are transforming how immunomodulators

reach the tumor:

Checkpoint blockade. Conjugating anti-PD-L1 to
polymeric NPs confines antibody activity to the TME,
lowering  off-target

autoimmunity while boosting

intratumoral drug levels.
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Cytokine delivery. IL-12-loaded lipid nanogels activate
local CD8+ T cells without the vascular-leak syndrome seen

with free cytokine [68].
PLGA

encapsulating tumor lysates and TLR agonists generate

Neo-antigen  vaccination. particles  co-

robust, antigen-specific T-cell responses in murine HNSCC.

Microenvironment reprogramming. Acid-neutralizing
CaCOs; NPs or collagenase-armed carriers dismantle
physical and chemical barriers, enhancing T-cell infiltration

and synergizing with adoptive cell therapy.
5.3 Combination & Multimodal Therapy

A single nanocarrier can synchronize chemotherapy,
phototherapy and immunotherapy to attack resistant HNC

on multiple fronts.

Chemo-phototherapy. Graphene oxide co-loaded with
doxorubicin and a photosensitizer eradicates orthotopic

tumors under NIR irradiation, overcoming drug efflux [69].

Chemo-immuno. Cisplatin plus a TLR7 agonist delivered
in one liposome simultaneously debulks the lesion and

licenses dendritic cells, tripling median survival in mice.
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Radiosensitization. Intravenously injected gold NPs
increase the local radiation dose by ~200%, shrinking
hypoxic HNSCC tumors without additional systemic
toxicity [70]

Tri-modal platforms. A single hybrid nanocomposite
combining cisplatin, a photothermal agent and a PD-L1
siRNA achieved near-complete regression in 80% of
animals, whereas any monotherapy failed [71].
Coordinating pharmacokinetics through a unified vector

remains a unique advantage of nanomedicine.

VI CHALLENGES AND PROSPECTS FOR
CLINICAL TRANSLATION

6.1 Translational Hurdles
Biocompatibility & Toxicity

Although lipids and FDA-approved polymers are generally
safe, residual surfactants, heavy-metal dopants or surface
functional groups can trigger complement activation or anti-
PEG antibodies [72]. Quantum dots, iron oxides and some
up-conversion cores raise additional concerns about renal
versus hepatic clearance and potential long-term
accumulation in reticuloendothelial organs [73]. Rigorous
GLP toxicology in large-animal models (>6 months) and
quantitative  whole-body autoradiography are now
considered essential to map organ distribution and establish
no-observed-adverse-effect levels (NOAEL) [74]

Manufacturing & Scalability

Microfluidic or flash-nanoprecipitation methods can narrow
size distributions below 10% CV at millilitre scale, yet
scale-up to 10-100L batches often compromises
morphology and surface ligand density [75]. Hybrid
architectures-magnetic core + polymer shell + targeting
ligand-require orthogonal conjugation chemistry that is
sensitive to pH, ionic strength and shear stress. Continuous-
flow manufacturing with in-line PAT (process-analytical
technology) is emerging as a GMP-compliant route to

maintain batch-to-batch reproducibility [76].
Tumor Heterogeneity

Inter-patient variability in EPR magnitude (2-fold to 10-fold)
and receptor expression (EGFR 3-200-fold) means a
nanoplatform

optimised in one xenograft may

underperform in another. Integrating pre-treatment

www.ijaers.com
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PET/MR imaging or single-cell RNA-seq to stratify patients
for high-EPR or high-receptor phenotypes is now being

piloted as an adaptive inclusion criterion [77], [78].
TME-Induced Resistance

Dense collagen (>10 mg mL"") and elevated interstitial fluid
pressure (>20 mm Hg) can reduce NP penetration by >80%.
Hypoxia-driven HIF-lo signalling further up-regulates
ABC transporters and DNA-repair enzymes, counteracting
both drug and radiation effects [79]. Combination
strategies-co-delivery of ECM-degrading enzymes or HIF-
la inhibitors-are therefore being explored to restore NP

diffusion and sensitize resistant cells [80].
Immune Clearance

PEGylation extends circulation half-life from minutes to
hours, yet repeated dosing elicits anti-PEG IgM,
accelerating blood-clearance (ABC) by 3-5-fold [81].
Zwitterionic  polymers, CD47-mimetic peptides or
erythrocyte-membrane cloaking are under evaluation to

evade opsonization while retaining targeting specificity [82].
Regulatory & Economic Barriers

Multifunctional nanotheranostics occupy a regulatory grey
zone spanning drugs, devices and biologics [83]. Each
additional modality (imaging agent + drug + ligand)
multiplies CMC

endpoints and requires separate safety packages.

(chemistry-manufacturing-control)

Demonstrating superiority over standard-of-care in
adequately powered Phase II/III trials can exceed USD 20
million; without compelling overall-survival benefit,

reimbursement may be denied [84], [85].
6.2 Future Directions
Precision Nanomedicine

Real-time PET/MR imaging and liquid-biopsy-derived
exosomal signatures will enable patient-specific adjustment

of ligand density, stimulus threshold or drug-to-carrier ratio.

Imaging techniques (including perfusion MRI) are used in
clinical trials to predict nanomedicine accumulation and

efficacy, enabling prospective patient stratification [86].
Next-Generation Materials

Enzymatically cleavable peptides and DNA origami
scaffolds degrade to non-toxic nucleotides or amino acids,

eliminating long-term accumulation concerns. In situ
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swelling or charge-reversal systems (e.g., from 20 mV to
+10 mV at pH 6.5) are being engineered to enhance
diffusion across 100-200 um tumor rims.[87]

Multimodal Theranostics

Hybrid nano-probes labelled with **Cu for PET, Gd for T;-
weighted MRI and indocyanine green for NIR fluorescence
allow simultaneous whole-body biodistribution and intra-
operative margin assessment [88]. Closed-loop feedback
algorithms are being developed to modulate PTT laser
power or PDT drug-light intervals in real time based on

intra-tumoral oxygenation [89].
Cross-Disciplinary Integration

Regulatory science consortia (FDA-NCI Nanotechnology
Characterization Laboratory, EMA-IMI) now provide
standardized

protocols for physicochemical

characterization, immunotoxicity and large-animal

pharmacokinetics [90].

VIIL. CONCLUSION

TME-responsive nanoplatforms have emerged as a
disruptive strategy to overcome the pharmacological and
biological barriers that limit conventional HNC therapy. By
harnessing hypoxia, acidic pH, ECM stiffness and
immunosuppression as endogenous triggers, these systems
simultaneously enhance tumor accumulation, minimize
systemic exposure and enable real-time imaging feedback.
Although long-term  biodistribution, manufacturing
reproducibility and patient heterogeneity remain critical
hurdles, converging advances in precision imaging,
adaptive materials design and regulatory science are
accelerating clinical translation. Continued interdisciplinary
validation will be essential to transform these pre-clinical
successes into personalised nanotherapeutics for head-and-

neck cancer.
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