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Abstract

In oral cancer therapy, traditional chemotherapeutic drugs cannot meet clinical needs due to poor targeting, low bioavailability, and severe side effects. Microfl uidic 
technology, with precise fl uid manipulation, enables effi  cient preparation of nanoparticulate drug carriers, realizing “precision fabrication” and “functional design” of 
nanocarriers. By adapting to oral cancer’s pathological characteristics and personalized treatment needs, it provides a new pathway for oral cancer therapy breakthroughs, 
with its technical advantages and application potential gradually emerging.
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Introduction

Traditional nanocarriers (e.g., liposomes, polymeric 
nanoparticles) are prepared via emulsion-solvent evaporation 
or sonication, suffering from broad particle size distribution 
(PDI often > 0.2), large batch-to-batch variations, and unstable 
drug loading—severely reducing clinical translation value. 
Microfl uidic technology solves these bottlenecks by precisely 
controlling mass transfer and mixing, as validated in multiple 
studies.

Methodology

Researchers used a microfl uidic swirl mixer to prepare 
curcumin (Cur)-loaded gelatin nanoparticles (GNPs). By 
optimizing gelatin concentration, pH, two-phase fl ow rate 
ratio (FRR) and total fl ow rate (TFR), they obtained uniform 
carriers with average particle size 90 ± 7 nm (PDI < 0.1). 
Compared with traditional emulsifi cation (particle size 150–
300 nm, PDI > 0.15), microfl uidic carriers are more conducive 
to penetrating oral cancer tumor interstitium (nanoparticles < 
200 nm accumulate via EPR effect), with batch-to-batch drug 
loading variation only 3.2% (vs. 12.5% for traditional methods). 
This device achieves 320 mL/min fl ow rate, 0.1 ms rapid mixing, 
and milligram-scale single-batch preparation, overcoming 
traditional microfl uidics’ “low volume, hard scaling” issue 

and highlighting industrial potential [1,2]. Innovatively 
combining 3D printing with microfl uidics, researchers 
designed two T-shaped microchannel devices (spiral mixing 
channel for Device 1, Fishbone-structured for Device 2). 
Series connection plus ultrasound enabled effi cient fusion of 
glioma cell membranes with lipids for biomimetic liposomes. 
The core logic of this technology — precisely controlling the 
fusion ratio of cell membranes and lipids via microfl uidics to 
achieve “homotypic targeting” — has been initially verifi ed 
using glioma models: the 3D-printed microfl uidic device 
achieved uniform particle size (PDI < 0.1) of glioma-targeted 
liposomes and high membrane fusion effi ciency (fusion rate 
> 70% verifi ed by FRET), confi rming the feasibility of the 
microfl uidic process for preparing biomimetic nanocarriers” 
This logic applies directly to oral cancer: oral cancer cells 
(e.g., CAL-27, SCC-9) have unique surface antigens (EGFR, 
CD44). Using the same 3D-printed device to fuse oral cancer 
cell membranes with lipids prepares “homotypic targeting” 
nanocarriers, which bypass oral mucosal barriers and 
immune clearance via “self-recognition” to enhance tumor 
accumulation. 3D-printed devices also allow “customization” 
(adjusting channel size and mixing mode for subtypes like 
tongue cancer or buccal mucosal cancer), matching oral 
cancer’s heterogeneity. Microfl uidic nanocarriers address core 
oral cancer therapy challenges via multi-responsive design, 
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targeted modifi cation, and theranostics integration [3-5]. Oral 
squamous cell carcinoma’s tumor microenvironment (acidity: 
pH 5.5–6.5, hypoxia, NIR permeability) allows microfl uidic 
carriers to respond to signals for controlled drug release. 
Researchers loaded CuS NPs and Fe₃O₄ NPs into GNPs: CuS 
converts 980 nm NIR light to heat (photothermal therapy) 
and triggers gelatin relaxation to accelerate Cur release; Fe₃O₄ 
enhances targeted accumulation via external magnetic fi eld 
and regulates release via magnetothermal effect. In vitro 
tests showed: at pH 5.5 (simulated tumor environment), 50% 
Cur released in 40 h (vs. 58 h at pH 7.4, normal tissue); NIR 
irradiation increased release rate by 2.3 times, and MCF-
7 cell apoptosis (The targeting and cytotoxicity of human 
breast cancer MCF-7 cells were verifi ed. This cell line highly 
expresses folate receptor (FR), with a receptor expression level 
of approximately 1.2 × 10⁵ per cell, which is highly consistent 
with the expression characteristics of FR in various subtypes 
of oral cancer cells, such as tongue cancer CAL-27 cells and 
buccal mucosa cancer SCC-9 cells. This paper compared the 
cellular uptake effi ciency and apoptosis rate of MCF-7 (high 
FR) and A549 (human lung cancer cells, low FR), confi rming 
the targeting enrichment ability of folic acid-modifi ed gelatin 
nanoparticles (Fe₃O₄/CuS/Cur@GNPs-FA) for FR-positive cells 
- the uptake effi ciency of MCF-7 cells for this carrier was 4.2 
times higher than that of A549, and the apoptosis rate reached 
95% after NIR irradiation (signifi cantly higher than 42% of free 
curcumin). This result can be analogously supported that this 
folic acid targeting strategy is also applicable to FR-positive 
oral cancer cells, providing a technical basis for subsequent 
specifi c model verifi cation of oral cancer [6-8] (Figure 1). 

Targeted modifi cation solves carrier penetration, enzyme 
degradation, and tumor recognition issues. In the GNPs study, 
“one-step modifi cation” during microfl uidics conjugated folic 

acid (FA) to carriers: FA-modifi ed carriers had 19.4x higher 
uptake by folate receptor-high oral cancer cells (e.g., tongue 
cancer cells) at 2 h. In a mixed cell model (A549 as normal 
cells, MCF-7 as tumor cells), carrier accumulation in MCF-
7 reached 82%, reducing normal cell toxicity. Homotypic 
targeting (oral cancer cell membrane modifi cation) further 
improves precision: carriers evade macrophage clearance and 
bind tumor cells via E-cadherin, aiding in treating metastases.

Combined with liquid biopsy (saliva CTC/ctDNA detection), 
microfl uidics forms a “diagnosis-carrier preparation-therapy” 
closed loop: microfl uidic chips screen patient-specifi c markers 
(EGFR mutations, HPV DNA), and adjust carrier targeting 
ligands (EGFR antibodies, HPV capsid proteins). For example, 
HPV-targeted carriers improve recognition of HPV-positive 
oropharyngeal cancer cells, matching oral cancer’s etiological 
heterogeneity. Theranostics integration addresses effi cacy 
monitoring and recurrence warning. Microfl uidics plus 
nanodiagnostics builds “detection-therapy” systems: e.g., 
quantum dots (QDs) and drugs co-loaded in carriers—QDs 
monitor distribution and release via fl uorescence imaging, 
carriers deliver drugs. “Microfl uidic-nanosensor” systems 
detect post-treatment saliva markers (CYFRA 21-1, IL-8) and 
adjust drug dosage using fl uorescent signals, solving delayed 
effi cacy evaluation and early recurrence detection issues [9].

Most studies use glioma/breast cancer models; little 
research focuses on mucosal penetration and salivary enzyme 
stability. Subtypes (tongue cancer, oropharyngeal cancer) have 
distinct pathology—”universal” carriers fail to meet needs. 
Most studies are lab-scale (<100 mg/batch), but clinical use 
requires gram-kilogram scale. Parallel device connection and 
channel optimization are needed. Most effi cacy tests are in 
vitro; oral cancer animal models (hamster cheek pouch cancer, 

Figure 1: Schematic diagram of oral cancer detection - drug preparation – treatment Reproduced with permission.[7] Copyright 2025 Wiley. 
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nude mouse tongue cancer) and clinical sample validation 
(tumor tissues, saliva) are absent, limiting evaluation of in 
vivo effi cacy and toxicity. Mechanisms for guiding carrier 
preparation via diagnostic results and standardized “diagnosis-
preparation-therapy” procedures are lacking [10].

Future development should focus on Add mucosal 
penetration peptides (e.g., TAT) to enhance mucosal 
crossing; develop HPV L1-modifi ed carriers for HPV-positive 
oropharyngeal cancer; design degradable carriers (gelatin, 
chitosan) to prevent mucosal irritation. Achieve gram-
scale preparation via parallel channels and continuous 
fl ow optimization; set up quality control (particle size/PDI/
drug loading variation <5%); verify carrier accumulation, 
release, and safety in animal models; run small-scale clinical 
trials (advanced oral cancer palliative treatment). Connect 
diagnostic chips (saliva CTC/ctDNA detection) with carrier 
preparation chips to adjust ligands, drug loading, and response 
mechanisms in real time; use carrier fl uorescence imaging to 
monitor effi cacy and form a closed-loop system.

Conclusion

Microfl uidic technology, integrated with nanomaterials, 
targeting, and diagnostics, reshapes oral cancer therapy: it 
solves traditional carrier uniformity via precision fabrication, 
adapts to therapy needs via functional design, and enables 
personalization via theranostics. Despite current limitations, 
with deeper “technology-disease-clinic” integration, 
microfl uidic nanocarriers will drive oral cancer therapy from 
“broad-spectrum chemotherapy” to “precision therapy,” 
improving patient prognosis.
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