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Thesis Organization 

This thesis is written in a manuscript-based structure with seven chapters as outlined below. 

Chapter 1: provides an outline of the motivations, reasoning, and underlying rationale behind the 

study design, in addition to specific research objectives. 

Chapter 2: provides a literature review on challenges in laryngeal cancer treatment, molecular 

pathways of chemoresistance, and drug delivery nanocarriers.  

Chapter 3: is a copy of a published review paper titled “In vitro models for Head and Neck Cancer: 

Current Status and Future Perspective”. This manuscript reviews distinct head and neck cancer's 

tumor microenvironment features, 2D/3D in vitro models and the future prospect of advanced in 

vitro models. 

Chapter 4: is a copy of a published original research paper titled “Chitosomes Loaded with 

Docetaxel as a Promising Drug Delivery System to Laryngeal Cancer Cells: An In Vitro Cytotoxic 

Study.” This paper is about characterizing the physio-chemical features of docetaxel-loaded 

chitosomes and to evaluate their biological effects on laryngeal cancer and stromal cell cultures. 

Chapter 5: is a copy of an original research paper now in preparation on Towards a 

chemoresistant laryngeal cancer cell model: Cell sensitization study via transcriptomic analysis 

and tumor-on-a-chip devices. This paper is about developing an in-house docetaxel-resistant 

laryngeal cancer cell model. RNA-sequencing and biological functional analyses were performed 

to validate this cell line model. A chemosensitizing study using metformin and docetaxel-loaded 

chitosomes was further tested on 2D culture and laryngeal-tumor-on-a-chip models composed of 

the resistant laryngeal cancer cells and stromal vocal fold fibroblasts. 

Chapter 6: presents an overall discussion of research findings, study limitations and future 

prospects related to both docetaxel-resistant cell and laryngeal-tumor-on-a-chip models. 

Chapter 7: summarizes the research contributions and directions in preclinical de-escalation 

strategies for laryngeal cancer treatment.  
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Abstract 

The goal of this thesis project was to reduce the chemoresistance of laryngeal cancer cells to 

docetaxel drugs with an adjuvant treatment of metformin. Laryngeal squamous cell carcinoma 

(LSCC) is a subtype of head and neck cancer that critically affects daily activities of speaking, 

swallowing, and breathing. LSCC accounts for over 30% of all head and neck cancer cases globally 

on an annual basis, ranking second in prevalence after oral cancer. First-line chemotherapy for 

LSCC includes docetaxel, cisplatin, and 5-fluorouracil. Yet, chemoresistance remains a major 

challenge for patients with LSCC not associated with human papilloma virus infection, with about 

50% of a 5-year overall survival rate. Systemic delivery of chemotherapeutics, either via a vein or 

an artery, is prone to induce deleterious side effects including high toxicities and locoregional 

extravasation. De-escalation strategies like the use of chemosensitizers were proposed to reduce 

long-term toxicities while increasing drug bioavailability at the tumor site. Metformin, an 

antiglycemic agent, was shown to inhibit cancer cells’ metabolic activity via the mammalian target 

of rapamycin; thus, enhances chemotherapy effects on tumor reduction. 

First, we proposed to load docetaxel into lipid nanocarriers to shield docetaxel, a lipophilic drug, 

from early degradation that led to increased drug availability. A chitosan mucoadhesive coating on 

lipid nanocarriers was used to enhance drug retention within tumors. Such a coating was crucial 

because interstitial fluids can rapidly wash away drugs. The mucoadhesive coating helped retain 

docetaxel within the tumor, facilitating localized treatment. Study results confirmed that chitosan-

coated lipid nanocarriers, i.e., chitosomes, were successfully taken up into the cytoplasm of human 

LSCC, demonstrating effective docetaxel delivery by the nanocarriers. Docetaxel-loaded 

chitosomes exhibited significantly higher cytotoxicity in LSCC when compared to stromal 

laryngeal fibroblasts (30% vs. 10%; p < 0.05). No hemolytic effects were observed on human red 

blood cells and thus support potential intra-arterial delivery of these chitosan-based nanocarriers. 

Next, considering the resistant nature of laryngeal cancer, we developed a docetaxel-resistant 

LSCC model by using an in-house docetaxel escalating exposure protocol for 4 months. Cells were 

compared with known chemoresistance genotypes and phenotypes via transcriptomic and 

functional analyses. Compared to control groups, chemoresistant-specific pathways of 

PI3K/mTOR and autophagy were upregulated in docetaxel-exposed LSCC, which matched the 
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literature of chemoresistance development in aggressive tumors. Functional cytotoxic experiments 

were further performed by subjecting the cells to docetaxel treatments. Results confirmed that the 

cells showed 36% more viability compared to the LSCC, indicating these cells acquired 

chemoresistance and were less responsive to the drug. 

Finally, we evaluated the effect of combined metformin and docetaxel therapy in a microfluidic 

system. We developed a 2-channel laryngeal-tumor-on-a-chip model by co-culturing docetaxel-

resistant LSCC and stromal laryngeal fibroblasts. With the dynamic perfusion, hypoxic gradient 

was created within the chips as in vivo laryngeal tumor core. The migration of stromal laryngeal 

fibroblasts into chemoresistant LSCC was observed toward the hypoxic gradient. Moreover, the 

proposed chip cultures were exposed to metformin and docetaxel-loaded chitosomes. Increased 

cell death was observed in stromal fibroblasts and cancer cells, compared to drug alone controls 

(55% vs. 15%; p < 0.05) 5 days after the treatment. Chitosome uptake was noticed after 6-hr 

inspection in both cell groups. This thesis presented a reliable and representative in vitro model of 

chemoresistant laryngeal cancers that will contribute to developing new therapeutic strategies for 

reducing drug resistance and tumor recurrence.   
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Résumé 

L’objectif de cette thèse a été de réduire la chimiorésistance des cellules cancéreuses du larynx aux 

médicaments à base de docétaxel et la metformine. Le carcinome épidermoïde du larynx (CELC) 

est un sous-type du cancer de la tête et du cou qui affecte gravement les activités quotidiennes telles 

que parler, avaler et respirer. Le CELC représente plus de 30% de tous les cas de cancer de la tête 

et du cou dans le monde par an La chimiothérapie pour le CELC comprend le docétaxel, le 

cisplatine et le 5-fluorouracile. Cependant, la chimiorésistance demeure un défi majeur pour les 

patients atteints de CELC non associé à une infection par le virus du papillome humain, avec 50% 

de taux de survie globale à cinq ans. L’administration systémique de la chimiothérapie, par voie 

veineuse ou artérielle, est susceptible d’entraîner des effets secondaires, notamment des toxicités 

élevées et une extravasation locorégionale. L’utilisation de chimiosensibilisants a été proposée 

pour réduire les toxicités à long terme tout en augmentant la biodisponibilité des médicaments dans 

la tumeur. La metformine a été démontrée pour inhiber l’activité métabolique des cellules 

cancéreuses liée à la mTOR, améliorant ainsi l’efficacité de la chimiothérapie dans les tumeurs. 

Nous avons proposé de charger le docétaxel dans des nanovecteurs lipidiques pour le protéger de 

la dégradation précoce. Un revêtement mucoadhésif en chitosane sur les nanovecteurs a été utilisé 

pour améliorer la rétention du docétaxel dans les tumeurs. Le revêtement mucoadhésif a aidé à 

maintenir le docétaxel dans la tumeur, facilitant le traitement localisé. Les résultats de l’étude ont 

confirmé que les nanovecteurs lipidiques enrobés de chitosane, c’est-à-dire les «chitosomes», 

étaient efficacement pris dans le cytoplasme du CELC humain. Les chitosomes chargés de 

docétaxel ont montré une cytotoxicité plus élevée dans le CELC par rapport aux fibroblastes du 

larynx (30% vs. 10%; p < 0.05). Aucun effet hémolytique n’a été observé sur les globules rouges 

humains, soutenant ainsi une éventuelle administration intra-artérielle de ces chitosomes. 

Ensuite, nous avons généré un CELC résistant au docétaxel en utilisant un protocole d’exposition 

progressive au docétaxel pendant 4 mois. Les cellules ont été comparées à des phénotypes de 

chimiorésistance connus par les analyses transcriptomiques et fonctionnelles. Par rapport aux 

groupes témoins, les voies spécifiques de la chimiorésistance du PI3K/mTOR et de l’autophagie 

ont été surexprimées dans le CELC exposé au docétaxel. Des expérimentations cytotoxiques ont 

ensuite été réalisées en soumettant les cellules à des traitements au docétaxel. Les résultats ont 
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confirmé que les cellules avaient acquis une chimiorésistance et étaient 36% moins sensibles au 

médicament. 

Enfin, nous avons évalué l'effet de la thérapie combinée de metformine et de docétaxel avec des 

systèmes microfluidiques. Nous avons développé des modèles de cancer du larynx sur puce à 2 

canaux en co-cultivant des CELC résistants au docétaxel et des fibroblastes du larynx. Grâce à la 

perfusion dynamique, un gradient hypoxique a été créé dans les puces simulant le noyau tumoral 

laryngé in vivo. La migration des fibroblastes vers les CELC résistants a été observée en direction 

du gradient hypoxique. De plus, une perfusion de 12 minutes de chitosomes chargés de docétaxel 

a été réalisée pour imiter l'administration intra-artérielle comme en pratique clinique. Une 

augmentation de la mort cellulaire des fibroblastes et CELC résistants ont été observé après les 

injections  combines de metformine et de chitosomes par rapport aux témoins medicamenteux seuls 

(55% contre 15% ; p < 0,05) 5 jours après le traitment. Les chitosomes ont été intériorisé par les 

deux types cellulaires. Cette thèse a présenté un nouveau modèle in vitro des cancers du larynx 

résistants à la chimiothérapie, visant à améliorer les approches thérapeutiques ciblant la résistance 

aux médicaments et la récurrence tumorale. 
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Contribution to original knowledge 

This thesis provides, for the first time, the development of chitosomes to enhance DTX’s 

bioavailability for laryngeal cancer treatment. To test the DTX-loaded chitosomes and 

chemosensitizing strategies, we developed a DTX-resistant laryngeal cancer cell model using a 

step-wise intermittent protocol that experimentally induce drug resistance. From analyzing such a 

model via RNA-sequencing, we identified potential molecular mechanisms associated with DTX 

resistance that can potentially be anti-resistant drug targets in the future. Finally, we developed a 

laryngeal-tumor-on-a-chip platform that emulated tumor hypoxia via the co-culture of in-house 

DTX-resistance cancer cells and vocal fold stromal fibroblasts. This in vitro study provided initial 

evidence on the benefit of a chemosensitizing agent, namely, metformin, that could potentially help 

restore the tumor sensitivity to DTX drug. 
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Chapter 1. Thesis Motivation and Aims 

The primary causes of head and neck cancers (HNC) that are not associated with human papilloma 

virus infection, which affects the oral cavity, hypopharynx, larynx, and oropharynx are typically 

alcohol and tobacco misuse [1]. Due to the widespread exposure of epithelium in the aerodigestive 

tract to these carcinogens [1], individuals with HNC face the potential of having multiple primary 

tumors simultaneously in this region [1]. Treatment of HNC causes toxic side effects when 

chemotherapy is administered intra-venously or -arterially especially for those who are overtreated 

[2]. The projected cost of HNC worldwide is calculated to be $535 billion USD for incidents 

occurring between 2018 and 2030 [3]. Patients with laryngeal cancer (LC) not only bear cancer-

related challenges but also emotional hurdles leading to suicidal risk [4]. For patients with locally 

advanced LC, a combined approach of surgery and chemotherapy has been proposed for patient 

survival and surgical laryngeal preservation [1, 5]. To treat LC, health care professionals follow 

established guidelines for primary treatment as those described by Pfister et al [1, 5]. However, 

existing challenges with chemotherapy in HNC treatment relate (1) to de-escalating the cytotoxic 

overtreatment of systemic/locoregional chemotherapy and potential extravasation, and (2) 

overcoming chemoresistance in patients [2]. Chemosensitizing strategies have been sought as a de-

escalation strategy for cancer patients [6]. Particularly, inhibitor agents that target mTOR were 

proposed to sensitize resistant cancer cells and improve chemotherapy, which results in tumor size 

reduction in HNC [6].   

1.1 Thesis Rationale 

To circumvent the problem with chemotherapy drugs being washed away by tumoral interstitial 

flow, we proposed to implement mucoadhesive chitosomes as drug carriers to improve the 

bioavailability of docetaxel (DTX) in the tumor, facilitating localized treatment. Chemosensitizing 

strategies have been sought as a de-escalation strategy for cancer patients [5]. Particularly, inhibitor 

agents that target mTOR were proposed to restore the drug sensitivity of resistant cancer cells, 

which results in a reduction of tumor size and improved treatment outcome for patients with HNC 

[6]. We thus proposed to metformin (MTF) that is an FDA-approved mTOR inhibitor drug for 

diabetes treatment, meaning its use is safe for repurposing it as chemosensitizer. Since there is not 

a chemoresistant laryngeal cancer cell model available, we proposed an in-house docetaxel 

stepwise exposure protocol to induce DTX resistance in a commercially available laryngeal cancer 
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cell line. Lastly, given that 2D conventional monocultures are inadequate to emulate in vivo 

conditions, we proposed to leverage microfluidic culture techniques, tumor-on-a-chip micro-

physiological systems, to mimic the hypoxic tumor core and deliver our proposed combination 

therapies of MTF and DTX.  

1.2 Thesis Aims 

The overall goal of this thesis was to develop a new in vitro model to investigate a de-escalation 

strategy on chemoresistant laryngeal cancer (Figure 1-1). To achieve this goal, an integration of 

biological and biomedical engineering concepts was used to:  (1) encapsulate and characterize DTX 

into chitosomes as cytotoxic treatment for laryngeal cancer cells; (2) develop and characterize a 

DTX-resistant laryngeal cancer cell model for genotypic profiling and therapy testing; (3) study 

the sensitivity of the resistant cancer cell model to the combined MTF/DTX-loaded chitosomes 

therapy via laryngeal-tumor-on-a-chip inspections.   

 

Figure 1-1. Overview and Specific Aims of the Thesis Project. 

 

Aim 1. Encapsulate DTX into mucoadhesive chitosomes 

We proposed to coat chitosan onto DTX-loaded nano-liposomes to improve mucoadhesiveness and 

DTX drug release profile for localized mucoadhesive laryngeal treatment. Transmission electron 

microscopy, nanoparticle tracking analysis, Fourier transform infrared spectroscopy were used for 

physicochemical characterization of nano-liposomes. Chitosan coating was evaluated using 

immersion analysis into mucin solution and its absorbance readouts. Cytotoxic studies were 
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assessed via LIVE/DEAD staining and absorbance analysis. We expected that DTX-loaded 

chitosomes would show higher toxicity to laryngeal cancer cells compared to that of free-form 

DTX treatment.  

 

Aim 2. Develop and characterize an in-house DTX-resistant laryngeal cell line 

We proposed to use a step-wise intermittent protocol to experimentally induce DTX resistance in 

a commercially available laryngeal cancer cell line. RNA-sequencing and functional analysis were 

used to characterize the presumed chemoresistance in this new in-house laryngeal cancer cell line. 

A chemosensitizing study using MTF was performed on 2D cultures to verify the presumed 

resistant phenotype in this resistant cancer cell line. 

 

Aim 3. Evaluate a chemosensitizing strategy using laryngeal-tumor-on-a-chip platforms 

The in-house DTX-resistant cancer cells and vocal fold stromal fibroblasts were co-cultured on a 

microfluidic device to mimic the hypoxic tumor core. The laryngeal tumor-on-a-chip was a 2-

channel microfluidic system and was subjected to a priming of MTF sensitization followed by 

DTX drug exposures. Stromal cells migration, expression of hypoxic and oxidative stress markers, 

and cell viability were evaluated using microscopy and biochemical assays. We expected that such 

a platform would enable a better understanding of tumor-stromal interactions related to drug 

sensitivity, as well as, testing new drug strategies for reducing chemoresistance.  
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Chapter 2. Introduction 

Head and neck cancer (HNC) is the 6th most common type of cancer [1]. Laryngeal cancer (LC), a 

sub-type of HNC only preceded by that of oral cancer [2]. LC had an annual incidence rate of 

177,422 worldwide in 2019 [2] that is estimated to increase 43% by 2035 [3]. The classification of 

LC cancer stage is based on the invasiveness of the tumor using the Tumor-lymph Node-Metastasis 

scheme (Table 2-1) [4,5]. Depending on the stage of the tumor, surgery, radiation therapy, 

chemotherapy and immunotherapy may be prescribed to HNC patients (Table 2-2).  

Table 2-1. Tumor-lymph Node-Metastasis (TNM) classification of LC (glottis). 

T Description N Description M Description 

Tx Carcinoma cannot be 

evaluated 

Nx Lymph node cannot be evaluated   

Tis Carcinoma in situ N0 No regional lymph node metastasis M0 No distant 

metastasis 

T1 Tumor limited to VFs N1 Ipsilateral lymph node metastasis, <3cm, 

ENE (-) 

  

T1a One fold     

T1b Both folds     

T2 Expansion to supra/sub glottic 

levels 

N2 

 

Lymph node metastasis, <6cm, ENE (-)    

  N2a Single ipsilateral node metastasis, <6cm, 

ENE (-) 

  

  N2b Multiple ipsilateral nodes metastases, 

<6cm, ENE (-) 

  

  N2c Bilateral or contralateral lymph nodes 

metastases, <6cm, ENE (-) 

  

T3 Vocal fold fixation (invasion 

of lymph nodes and 

paraglottic space) 

    

T4 Further invasion  N3 Lymph node metastasis, >6cm   

T4a Anterior invasion N3a Lymph node metastasis, >6cm, ENE (-)   
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T4b Posterior invasion N3b Lymph node metastasis, >6cm, 

ENE (+) 

  

T4c Other organs   M1 Distant 

metastasis 

Extra-nodal Extension (ENE), combination of TNM stages may be present depending on the patient’s clinical and 

pathological case 

The standardized mortality rate, ratio of deaths, of LC is 2.6% in males and 0.3% in females [4]. 

Also, the 5-year survival rate of HPV- HNC/LC remains less than 50% for the past three decades 

[3,6]. Further, chemoresistance, which causes the cancer relapse and metastasis, severely hampers 

the improvement of clinical outcome in patients with HNC/LC. Various novel strategies such as 

combinatorial approaches using cancer vaccine platforms with novel immunomodulatory methods 

and standard-of-care [7,8] have been proposed to improve the survival rate for patients with cancers 

[9]. In particular, biomaterials are proposed to deliver chemotherapy drugs to the tumor 

microenvironment in a controlled and sustained manner overcoming the impediment of 

chemoresistance and systemic toxicity [10,11] . 

Table 2-2. Current therapeutic approaches of laryngeal cancer. 

Treatment  Approach  General Impression Complications 

Surgery Cordectomy 
Applied to precancerous lesions [4] 

Reduced morbidity [2] 

Inadequate final margin [19] 

Transoral 

surgery 

Applied to early-stage cancers [12] 

Organ preservation [12] 

Inadequate final margin [19] 

Total 

laryngectomy 

Applied to advance-stage cancers [4] 

High restoration after procedure [2] 

Tested in older patients only [13] 

Significant morbidity [12] 

Radiotherapy Dose 60-70 Gy 
Aim to preserve vocal quality [4] 

Applied to early-stage cancers [13] 

Organ preservation [12] 

Adjuvant treatment [13] 

Cost [4] 

Edema [4] 

Inflammation, fibrosis [4,14] 

Chemotherapy Induction 

(Laryngeal 

conservation 

program), 

concomitant 

Applied to advance-stage cancers [4] 

Adjuvant treatment [13] 

Systemic treatment [2,15] 

High toxicity [13] 
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(patients 

refusing total 

laryngectomy), 

exclusive (under 

study) 

chemotherapy 

Immunotherapy Cetuximab 

(anti-EGFR) 

Pembrolizumab 

and Nivolumab 

(anti-PD1, 

checkpoint 

inhibition) 

Applied to recurrent/metastatic LC 

[14,16] 

Cetuximab - Skin allergic 

reaction [14] 

Checkpoint inhibitor - Patients 

may not overcome the disease 

after checkpoint inhibition 

treatment[16]. Inflammation 

found in other organs, diarrhea, 

physical fatigue and skin rash. 

[17] 

2.1 Locally advanced laryngeal cancer: clinical challenges and emerging treatments 

For the surgical approaches of locally advanced head and neck squamous cell carcinoma (LA-

HNSCC) comprising  the resection of whole larynx were used to ensure patient survival as the 

primary intention [18]. On the other hand, radiotherapy and chemotherapy are used in combination 

with cold knife surgery to preserve the larynx and its functionality [18–20]. Patients with 

unresectable HNC/LC, chemotherapy has been shown to make initially unresectable carcinomas 

operable [21,22] and thus may ease the surgical margin decision for larynx preservation [23,24].  

For induction chemotherapy, drugs are usually administered intravenously. Despites its benefits 

for metastatic treatment, chemotherapy carry risks of overtreatment, and subcutaneous/perivascular 

extravasation [25,26]. As note, the median time of survival after locoregional recurrence or 

metastatic disease is only six months [27]. Thus, locoregional intra-arterial administration of 

chemotherapeutics was suggested to address the adverse effects experienced systemically by 

delivering the drug directly into tumor supplying arteries, instead of distributing the 

chemotherapeutic agents throughout the entire body [28–30]. However, the intra-arterial delivery 

may still cause high toxic extravasation damage in the surrounding tumor region [29,30]. 

Induction chemotherapy application on LA-HNSCC (stage T3/T4) relies on the use of taxane, 

platinum-based and 5-fluorouracil, in which this drug combination is known as TPF [21,31]. 

Docetaxel (DTX) alongside with paclitaxel are part of taxane family drugs whose tubulin-directed 

antimitotic and lipophilic effects hinder the mitotic spindle development by stabilizing pre-existing 

microtubules [32]. Platinum-based drugs, such as cisplatin, are alkylating and slightly hydrophilic 
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agents that suppress DNA synthesis and mitosis by interacting with N7 sites on purines leading to 

apoptotic cell death [33]. 5-fluorouracil drug is an antimetabolite and slightly hydrophilic agents 

that merge with DNA and RNA strands leading to apoptotic cell death [34].   

TPF drugs can kill fast-proliferating cells but carry risks of systemic toxicity. To overcome this 

toxicity, adjuvant multimodality treatments such as sequential and concurrent chemoradiotherapies 

may be considered to improve the efficacy of chemotherapy. For example, DTX has been used in 

combination with cisplatin as a neo-adjuvant chemotherapy treatment for HPV+ oral squamous cell 

carcinomas [35]. Pathological complete remission (absence of cancer in sample) at the primary 

(72%) and nodal (57%) oral squamous cell carcinoma tumors were reported, which has potential 

of improving the complete surgical resection with clear-of-cancer resection margins. In case, 

docetaxel extravasation occurs due to intravenous infusion causing tissue necrosis and bullae (large 

blisters of the skin), intralesional steroids as hydrocortisone with topical betamethasone are 

recommended [26]. 

In addition to induction chemotherapy, concurrent chemo-radiotherapy is considered as a standard-

of-care for LA-HNSCC [36]. This regimen may improve the locoregional outcome in comparison 

to the sole induction chemotherapy [37]. For instance, TPF/concurrent chemo-radiotherapy  

regimen was reported to improve the progression free survival in LA-HNSCC patients [38]. 

Unfortunately, systemic toxicity is still associated with concurrent chemo-radiotherapy 

implementation [36]. As such, instead of using an intravenous delivery method, a locoregional 

intra-arterial administration may serve one viable option to reduce systematic cytotoxicity and 

chemoresistance in order to improve the safety and efficacy of current HNC/LC chemotherapy. 

2.2 Molecular mechanisms associated with chemoresistance  

Hypoxia and epithelial to mesenchymal transition (EMT) are two of molecular mechanisms known 

to chemoresistance in HNSCC tumors [39,40]. Regarding hypoxia, tumor cells that adapt to 

hypoxic environments become more aggressive and present radio- and chemo-resistant phenotypes 

[41]. The PI3K/Akt/mTOR and hypoxia-inducible factor 1 (HIF-1α) signaling pathways are central 

in the role of tumor hypoxia [42–45]. PI3K/Akt/mTOR pathway is involved in protein synthesis, 

cell proliferation, survival, multiple drug resistance mechanisms and hypoxia in cancer cells [46] 

(Figure 2-1). HIF-1α pathway is related to mitochondrial activity, antagonized apoptosis and 
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autophagy that promotes a hypoxic environment in tumor [41]. In addition, hypoxia leads to the 

aberrant angiogenesis in tumor microenvironment [42,47]. The poor vasculature state has 

implications in limiting oxygen and nutrient supply, as well as decreasing lipophilic chemotherapy 

drug delivery that restricts chemotherapy response. 

 

Figure 2-1. Chemoresistance markers related to the mTOR pathway. 

EMT may also have a role in promoting chemoresistance. During cancer progression, epithelial 

cells shift into a mesenchymal phenotype [48]. Endothelial cells secrete epidermal growth factor 

that enhances tumorous motility and stemness [49]. Fibroblasts may differentiate from endothelial 

and epithelial cells during EMT and involve in the growth and maintenance of tumor through 

autocrine and paracrine signaling [48,50]. One clinical study showed that tumor hypoxia promoted 

laryngeal cancer cell invasion through EMT [51]. Again, activation of PI3K/Akt/mTOR signaling 

pathway may contribute to the EMT-hypoxia relation [51,52].  

Aside from EMT-hypoxia relation, the PI3K/Akt/mTOR signaling pathway promotes drug 

resistance via autophagy, which is a cytoplasmatic proteolytic process of macromolecules and 

organelles [53,54]. Autophagy deters taxane treatment via activation of HIF1-α in cancer cells [55]. 

In particular to LC, increased autophagy relates to a poor clinical prognosis [54]. Upregulated 

autophagy may be suppressed by inhibiting the mTOR complex that in turn downregulates 
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autophagy-related ATG13 and ULK1 genes [53]. For that reason, impaired autophagy is an 

intracellular process to regulate to improve taxane treatment in LC. 

Further, the upregulation of the ATP-binding cassette (ABC) transporters is another molecular 

mechanism of chemoresistance in HNSCC [56,57] linked to upregulated PI3K/Akt/mTOR 

pathway [58]. ABC transporters, i.e., ABCB1, are drug efflux pumps that reduce intracellular drug 

concentrations causing treatment failure [56,58]. Specific to DTX and paclitaxel, ABCC3 

overexpression is associated to low treatment response in oral squamous cell carcinoma and other 

types of cancers [59]. To improve prognosis, upregulated ABC transporters may be downregulated 

by inhibition of the mTOR pathway [58].  

Besides, mucin pathway induces chemoresistance in concordance to enhanced expression of ABC 

transporters [60] and increased hypoxia in HNSCC [61]. Mucins are O-glycoproteins whose role 

relates to cellular adhesion, differentiation, and protection/immunity of epithelial cells [60]. Mucin-

related genes, i.e., MUC1 and MUC4, are aberrantly expressed in LSCC associated with treatment 

resistance and invasiveness [62]. MUC1 activates the PI3K/Akt/mTOR pathway via the glycolytic 

flux intrinsic in metabolic homeostasis [63]. Thus, a target therapy of PI3K/Akt/mTOR pathway, 

linked to EMT-hypoxia-autophagy and mucin-related molecular mechanisms, may help 

circumvent chemoresistance in locally advanced HNC/LC. 

2.3 Potential use of chemosensitizer to reduce chemoresistance 

Activation of PI3K/Akt/mTOR signaling pathway is associated with radio- and chemo-resistance 

in HNSCC patients [64–66]. Recently, inhibition of the PI3K/Akt/mTOR signaling pathway has 

been investigated to chemosensitize and de-escalate current HNSCC chemotherapy overtreatment 

[64]. For example, metformin (MTF) is a mammalian target of rapamycin (mTOR) inhibitor and 

an FDA-approved drug for patients with type 2 diabetes [67]. Although MTF was originally 

prescribed for diabetic patients, MTF was evaluated of its potential as a cancer drug. MTF anti-

cancer effect may be attributable to the inhibition of the mTOR and activation of the AMPK 

signaling pathways (Figure 2-2). In particular, at 1-20mM dose of MTF, the drug promoted the 

apoptosis of esophageal squamous cell carcinomas [68] and inhibited the proliferation of oral 

squamous cell carcinoma in vitro [69]. MTF was also used to sensitize laryngeal cancer cells to 5-

fluorouracil, denoting the potential as adjuvant treatment [70].  Although discrepancy regarding 
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the effect of MTF on non-diabetic cancer patients exist [71], a higher dose of MTF may be required 

to adjust for anti-chemoresistance purposes [72]. MTF regimen may have potentials of reducing 

chemoresistance in taxane treatment [73,74]. Clinical trial data suggested the positive efficacy of 

MTF chemosensitizing effect of DTX treatment on resistant metastatic prostate [75], and gastric 

[76] cancers. 

 

Figure 2-2. MTF was reported to inhibit mTOR through the AMPK activation and the transcription factor NF-κB 

suppression. mTOR is a key molecule in the PI3K/Akt and AMPK pathways. mTOR is a serine/threonine kinase that 

is important in cell metabolism, growth, proliferation and survival [78]. Oncogenic-mutated mTor molecules were 

found to promote cancer progression [78]. MTF indirectly causes an anti-tumor effect by lowering the glucose and 

insulin metabolism resulting in suppressing the tumor cell growth [79,80]. Inhibitions of the mTOR and NF-κB have 

been reported in vitro and in vivo studies of cutaneous squamous cell [81] and primary hepatocellular cell [82] 

carcinomas. MTF was reported of its potential of inhibiting cancer cell growth in gastric [83], breast [84] and pancreatic 

[85] neoplasia in vivo and in vitro studies. Chowdhury et al. assessed the MTF effect on 19 cancer cell lines presenting 

Organic Cation Transporters 1–3 (OCT 1-3) [86]. Their results showed reduced hypoxic tumor fractions in all cell 

lines after MTF treatment. MTF has potential of mitigating the gene expression of HIF-1α and proliferative activity in 

oral squamous cell carcinoma [87,88]. Low concentrations of MTF were reported to downregulate stemness markers 

on oral squamous cell carcinoma [80]. Furthermore, MTF is likely to reverse the EMT on breast [89] and thyroid [90] 

cancers though inhibition of the mTOR pathway. 

Aside from hypoxia-related chemoresistance markers, EMT and stemness markers (Table 2-3) 

such as Notch1 has a role in taxane resistant in HNSCC [65]. As observed in both in vitro and in 
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vivo setting HNSCC expressing upregulated Notch1 demonstrated increased resistance to both 

DTX and paclitaxel. MTF has also shown potential of improving chemotherapy treatment through 

mitigating EMT and stemness mechanism on oral squamous cell carcinomas [77]. For those 

reasons, adjuvant MTF may benefit the treatment of laryngeal cancer. 

Table 2-3. Chemoresistance markers of all cancers. EMT - Epithelial-mesenchymal transition 

  Molecule Location Chemoresistance 

association 

Regulation 

Akt[43,45,52,64,65,91] Serine/threonine 

protein kinase B 

Nucleoplasm - 

microtubule 

Autophagy / 

Stemness / EMT / 

Tumor hypoxia 

Upregulated 

Bcl-2[45,65,91] B-cell lymphoma 2 Mitochondrial 

membrane 

Apoptosis / 

Autophagy / 

Stemness / Tumor 

hypoxia 

Downregulated 

Bcl-xL[45,65,91]  

 

B-cell lymphoma extra 

large 

Mitochondrial 

membrane 

Apoptosis / 

Autophagy / 

Stemness / Tumor 

hypoxia 

Upregulated 

Beclin 1[91]  Cytoplasm Apoptosis / 

Autophagy / 

Stemness / Tumor 

hypoxia 

Downregulated 

CD44[52,65,91] Cluster of 

differentiation 44 

Cell 

membrane 

Stemness Upregulated 

CD133[91] Cluster of 

differentiation 133 

Cell 

membrane 

Epithelial-

mesenchymal 

transition 

Upregulated 

CD147[91] Cluster of 

differentiation 147 

Cell 

membrane 

Epithelial-

mesenchymal 

transition 

Upregulated 

Cyclins [45,65,92]  Nucleoplasm Epithelial-

mesenchymal 

transition 

Upregulated 

CYP3A5[65] Cytochrome P450 

family / enzyme 

Cytoplasm Tumor hypoxia / 

Drug metabolism 

Upregulated 

E-cadherin[52,65,91,92]  Cell 

junctions 

Epithelial-

mesenchymal 

transition 

Downregulated 
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EGFR[43,45,52,64,65,91] Epidermal growth 

factor receptor 

Cell 

membrane 

Tumor hypoxia Upregulated 

Erk1/2[45,65,91] Extracellular signal-

regulated kinase 

Cytoplasm Tumor hypoxia Upregulated 

GLUT-1[43] Glucose transporter 1 Cell 

membrane 

Tumor hypoxia Upregulated 

HIF-1α 

[43,45,52,57,65,91] 

Hypoxia-inducible 

factor 1α 

Nucleoplasm Tumor hypoxia Upregulated 

JNK[43,45,65,91] c-Jun N-terminal 

kinase 

Cytoplasm Tumor hypoxia Upregulated 

Ki-67[43,45,92]  Nucleoplasm Tumor hypoxia Upregulated 

MAPK[45,64,65,91] Ras-mitogen-activated 

protein kinase 

Cytoplasm Tumor hypoxia Upregulated 

mTOR[43,45,52,64,65,91] Mammalian target of 

rapamycin 

Cytoplasm Autophagy / stemness 

/ EMT / Tumor 

hypoxia 

Upregulated 

Nanog[52,65,91]  Nucleoplasm Epithelial-

mesenchymal 

transition 

Upregulated 

N-cadherin[91]  Cell junctions Epithelial-

mesenchymal 

transition 

Upregulated 

NFκB[65,91] Nuclear factor κB Intracellular Tumor hypoxia Upregulated 

Notch1[52,65,91] single-pass 

transmembrane 

receptor 

Cell 

membrane 

Stemness / EMT Upregulated 

p53[43,52,65,91] Tumor suppressor p53 Intracellular Tumor hypoxia Upregulated 

PI3k[43,45,52,64,65,91] Phosphatidylinositol 3-

kinase 

Intracellular Autophagy / 

Stemness / EMT / 

Tumor hypoxia  

Upregulated 

P-gp (MDR1, ABCB1, 

ABCC10)[57,65,91] 

P-glycoprotein 

(Multidrug resistance 

protein 1, ATP-binding 

cassette families) 

Cell 

membrane 

EMT / Tumor 

hypoxia  

Upregulated 

PTEN[43,45,52,64,65,91] Tumor suppressor 

PTEN 

 Stemness / Tumor 

hypoxia 

Downregulated 
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STAT3[52,65,93] Signal transducer and 

activator of 

transcription 3 

Intracellular Tumor hypoxia Upregulated 

Survivin[65,91]  Mitotic 

structure 

Stemness Upregulated 

TGF-β[43,52,65,91] Transforming growth 

factor β 

Cytoplasm Stemness / EMT/ 

Tumor hypoxia 

Upregulated 

TUBB3[65] β-tubulin III Microtubules EMT / Tumor 

hypoxia 

Upregulated 

Vimentin[52,65,91,92]  Intermediate 

filaments 

Epithelial-

mesenchymal 

transition 

Upregulated 

VEGF[43,45,91] Vascular endothelial 

growth factor 

Intracellular Tumor hypoxia Upregulated 

ZEB1[52,65,91] zinc-finger e-box 

binding homeobox1  

Nucleoplasm Stemness / EMT Upregulated 

EMT - Epithelial-mesenchymal transition 

2.4 Enhance the delivery of chemotherapeutics with liposome nanocarriers 

Controlled local release of chemotherapeutic drugs in the tumor microenvironment may provide 

more effective treatment of hypoxic tumor regions while circumventing the undesirable side effects 

of systemic administration. Implantable and injectable biomaterials were proposed to improve the 

outcome of chemotherapy by localizing the treatment at the site of interest (Table 2-4). 

Biomaterials’ physico-chemical properties can be tuned to incorporate nano-carriers of 

chemotherapy [94-97]. Liposomes made of phospholipids and cholesterol are among those nano-

carriers that have been extensively used as a vehicle for localized drug delivery due to their 

similarity to phospholipid bi-layer of cell membrane [98].  

Table 2-4. Biomaterial Approaches for Cancer Treatment. 

Type  Cases Objective Pros Cons 

Macroscale 

biomaterials 

PLGA, PEG, PVA Drug delivery Biodegradable 

[99,100]  

Potential 

inflammation and pH 

drop [100] 

Collagen, HA, fibrin, 

chitosan, and alginate 

hydrogels 

Tissue regeneration and 

Drug delivery 

Highly 

biocompatible and 

Poor mechanical 

strength [101] 
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biodegradable 

[99,100]  

DNA biomaterials Inherent 

immunogenicity 

Natural 

immunogenicity 

[99] 

Enzyme 

contamination [99] 

Peptide-based 

materials 

Cell and drug delivery  Tunable and 

biocompatible 

[99,102]  

Limited structure 

[102] 

Implantable 

biomaterials 

Macroscale porous 

scaffolds combined 

with 

immunotherapies 

Release of 

immunotherapy 

molecules  

 

Functionalized 

scaffolds and 

minimally invasive  

[99] 

Failure to thrive in 

implantation site [99] 

Injectable 

biomaterials 

Cryogels 

 

Fluid macroscale 

biomaterial that releases 

chemo- and immuno-

therapy molecules 

Localized where a 

needle can reach 

[99] 

cannot be placed in 

surgically 

inaccessible locations 

or volume-sensitive 

areas [99] Hydrogels 

Nanomaterials Drug delivery  Penetrating, tunable 

release factor [103] 

Side effects, potential 

toxicity (CDN 

STING [99]) [103] 

Poly (lactide-co-glycolide) (PLGA), poly (ethylene glycol) (PEG) and poly (vinyl alcohol) (PVA), Hyaluronic 

acid (HA), cyclic dinucleotides (CDNs), Stimulator of interferon genes (STING) 

In addition, the physico-chemical features of liposomes are suitable for drug delivery. Liposomes 

ranging in size of 100-200 nm have a long circulation performance in blood vessels [104]. Such 

liposomal dimensions, allows liposomes to extravasate, which promote passive targeting in 

hypoxic tumors by exploiting the enhanced permeability and retention effect [104,105]. Hypoxic 

tumor micro-vessels have an aberrant and leaky conformation that likely enable extravasation of 

macromolecules and liposomes in the tumor extracellular fluid. This aberrant vasculature may 

create a cul de sac for probable liposome accumulation and further endocytosis by tumor cells 

[105]. In addition, liposomes being lipid-based nano-carriers provide lipophilic drugs, as DTX 

[106], dispersion capabilities in the aberrant hypoxic vasculature [104,105,107]. 

Generally, non-adhesive nanocarriers face difficulties in entering tumors due to high interstitial 

pressures [108]. Bioadhesive coatings can be applied to the surface of liposomes to enhance their 

physical and colloidal stability, improve bioavailability, and increase the amount of drug they can 

hold [109-117]. For example, chitosan coating can be applied on anionic nanoliposomes to make 
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them mucoadhesive and to improve the drug retention and their uptake by target tumors [109,111–

113,115,118]. Chitosan-coated liposomes, commonly referred as chitosomes, have been shown to 

interact electrostatically with glycoproteins in oral mucin [118,119] leading to increased retention 

of nanocarriers in tumor sites. This characteristic is particularly beneficial for mucin-rich mucosae 

commonly found in head and neck tumors. Additionally, chitosomes exhibit reduced aggregation 

in the blood and liver, and enhance both transcellular and paracellular drug transport, resulting in 

prolonged drug release [119]. More importantly, the mucoadhesive property of chitosomes would 

prevent the drug further migrating around the tumor after local laryngeal injection. 

In sum, challenges and emerging trends in H&N research relates to (1) chemoresistance is common 

in H&N, (2) chemosensitizing is an emerging strategy to reduce chemoresistance, and (3) 

enhancing bioavailability of drugs (either chemosensitizer or DTX) is needed to maximize drug 

efficacy. Ongoing research is needed to better understand the nature of chemoresistance in H&N 

and to develop new treatment strategies in reducing chemoresistance . 
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Abstract: The 5-year overall survival rate remains approximately 50% for head and neck (H&N) 

cancer patients, even though new cancer drugs have been approved for clinical use since 2016. 

Cancer drug studies are now moving toward the use of three-dimensional culture models for better 

emulating the unique tumor microenvironment (TME) and better predicting in vivo response to 

cancer treatments. Distinctive TME features, such as tumor geometry, heterogenous cellularity, 

and hypoxic cues, notably affect tissue aggressiveness and drug resistance. However, these 

features have not been fully incorporated into in vitro H&N cancer models. This review paper aims 

to provide a scholarly assessment of the designs, contributions, and limitations of in vitro models 

in H&N cancer drug research. We first review the TME features of H&N cancer that are most 

relevant to in vitro drug evaluation. We then evaluate a selection of advanced culture models, 

namely, spheroids, organotypic models, and microfluidic chips, in their applications for H&N 

cancer drug research. Lastly, we propose future opportunities of in vitro H&N cancer research in 

the prospects of high-throughput drug screening and patient-specific drug evaluation.  
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3.1 Introduction  

Cancer drug research and development (R&D) are considered as one of the most expensive 

expenditures among drug development as compared to that of all other diseases (1). The global 

spending on oncology drugs reached $164 billion in 2020 and an estimated $269 billion by 2025 

even as annual growth rates ease to approximately 10% (2). Mailankody and Prasad from National 

Cancer Institutes in the United States critically pointed out that new cancer drugs may not 

necessarily help to increase the survival rate in cancer patients despite the expensive investments 

in cancer drug R&D (3). In 2016, the Food and Drug Administration (FDA) approved the 

chemotherapy drug hydroxyurea for the treatment of locally advanced head and neck (H&N) 

cancer as well as the immunotherapy drugs pembrolizumab and nivolumab for recurrent/metastatic 

H&N cancer (4). Since, the role of these three drugs in the H&N cancer primary treatment has not 

been properly elucidated, the 5-year overall survival of H&N cancer patients remains less than 

50% (5) with 30% of them experiencing cancer relapse and resistance to treatment (6).  

The R&D pipeline for new drug discoveries starts with in vitro models, followed by 

preclinical/animal testing and clinical trials. In vitro platforms often represent a first milestone to 

reach the evaluation of drug cytotoxicity, dose, resistance, and sensitivity as well as the 

identification of the target molecular mechanisms of prognostic markers (7). Specific to cancer 

drug screening and discovery, in vitro models are often designed to mimic the tumor 

microenvironment (TME) of interest (8, 9). For instance, an overexpression of epithelial growth 

factor receptors (EGFRs) were noted in almost 90% of patients with H&N tumors (10, 11). To 

reflect this environment, in one of the very early in vitro studies with H&N squamous cell 

carcinoma cultures collected from larynx, retromolar trigone, cervical lymph node, and the floor 

of mouth, the inhibition of the EGFR was assessed by incorporating two anti-EGFR monoclonal 

antibodies (MAbs 425 and 528) based on in vitro models (12). Cell viability results showed that 

the two anti-EGFR antibodies reduced cancer cell growth by up to 97% compared to healthy 

mucosal epithelial cells after a 5-day exposure. Further, in vitro and in vivo studies on monoclonal 

antibodies against EGFR led to the discovery of cetuximab, which was approved by the FDA for 

colon cancer treatment in 2004 and in 2011 for the treatment of recurrent/metastatic H&N cancer 

(13).  
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The recent evolution of in vitro cancer models has been focused on emulating the tissue-specific 

TME as much as possible to recapitulate drug resistance and uptake in specific tumor tissues. 

Advances in spheroid/organoid bioengineering and their culturing methods, as well as microfluidic 

technologies, are harnessed to enable physiologically and clinically relevant in vitro cancer 

models. Distinctive TME features, namely, three-dimensional (3D) tumor geometry, 

heterogeneous cell populations, and fenestrated tumor vasculature, have been incorporated into in 

vitro models, such as breast (14), lung (15), and liver (16) cancers. However, tissue-specific TME 

features have not been fully applied to in vitro H&N cancer model designs, which might explain 

the slow advancement of effective drug discovery and longitudinal drug evaluation for H&N 

cancers.  

To survey the current implementation of 3D in vitro models for H&N cancer, we performed a 

search for original research papers published on The National Center for Biotechnology 

Information (NCBI) PubMed® between January 2017 and April 2022 using the following 

combined terms, namely, “head and neck cancer,” “spheroid,” “organoid,” “microfluidic,” and 

“organotypic” (Figure 3-1). The search generated 71 research studies. Spheroid cultures (34%; N 

= 24) and scaffold models (22%; N = 16) were the two most common 3D culture models in H&N 

cancer research. To understand the uptake of 3D in vitro models for H&N cancer drug discovery, 

a search was performed on the original studies of 12 common cancers including H&N (17) 

published on NCBI PubMed® between January 2017 and April 2022 using the following 

combined terms: “in vitro”, “drug discovery”, “breast”, ‘‘lung’’, ‘‘colorectal’’, ‘‘glioblastoma’’, 

‘‘prostate’’, ‘‘melanoma’’, ‘‘lymphoma’’, ‘‘pancreatic’’, ‘‘cervical’’, ‘‘head and neck’’, 

“thyroid”, “oral”, “laryngeal”, ‘‘bladder’’, ‘‘renal’’, and “cancer”. The search generated 489 

results. Among the 12 organs searched, approximately 27.6% (N = 135) were related to breast 

cancer while only 2.2% (N = 11) were associated with H&N cancer. Further search on drug 

discovery–related publication for H&N cancer showed that only 3 out of the 11 results used 3D in 

vitro models. In other words, approximately 4.2% [(3 out of 11)/71] of 3D in vitro models were 

applied in the study of cancer drug discovery. The aforesaid statement described the need for more 

H&N cancer research using advanced 3D in vitro models instead of conventional 2D cultures for 

developing new anticancer drugs.  
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In this paper, we review the unique TME characteristics in H&N cancers and their relevance to the 

tumor tissue aggressiveness and drug resistance. We present the design principles of in vitro 

models to mimic key TME features relevant to H&N cancer. We then report on several state-ofthe-

art culturing models, namely, spheroids, 3D scaffolds, organotypic models, and microfluidic 

devices that have contributed to the H&N cancer therapeutic R&D. Finally, we provide a 

perspective on more reproducible and robust in vitro H&N cancer models for high-throughput 

drug screening and patient-specific drug development.  

3.2 Tumor microenvironment in head and neck cancers  

A typical TME in H&N cancer is heterogeneously composed of neoplastic cells, endothelial cells, 

and fibroblasts, as well as tumor-infiltrating immune cells from the mucosae of the oral, nasal and 

paranasal cavities, larynx, and pharynx (6, 17) (Figure 3-2). Approximately 90% of H&N cancer 

cells are considered as squamous cell carcinomas (6, 18). The H&N carcinomas present an air–

liquid interface conformation since the apical TME is in contact with the air from the cavity lumen 

whereas the basal TME interacts with blood (6, 18, 19). In particular, these fish scale–

like/squamous epithelial neoplastic cells exhibit an aggressive abnormal cell proliferation crossing 

the boundaries of surrounding cells in concert with endothelial cells and fibroblasts (18). 

Extracellular matrix (ECM) proteins as collagen, elastin, fibronectin, and laminin provide a 

structural support that plays a part in cell adhesion and migration in the TME of H&N (19).  

H&N squamous cell carcinomas may present oncogenes associated with human papillomavirus 

(HPV) infection (18, 20), largely p16 followed by p18 genes (20). A classification of H&N 

squamous cell carcinoma relies on the presence of HPV-associated oncogenes that are normally 

referred to as HPV+ or HPV- H&N cancer (20). In particular, the mutation and down- or 

upregulation of molecular mechanisms such as PI3K/Akt/ mTOR (mammalian target of 

rapamycin), TP53, NOTCH, EGFR, JAK/STAT, Ras/MEK/ERK, and MET pathways are found 

to be associated with the progression of H&N squamous cell carcinoma (20) (Figure 3-2D). For 

example, the PI3K/Akt/mTOR pathway is upregulated in more than 90% of H&N squamous cell 

carcinomas, resulting in an increased resistance to chemotherapy and radiotherapy and cancer 

progression (21).  
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Figure 3-1. Culturing models in head and neck (H&N) cancers. Pie graph of published articles between 2017 and 

2022 using the NCBI PubMed®. Related publications of three-dimensional (3D) in vitro models in H&N cancer with 

spheroids being the most abundant type of culture model. Figure created with BioRender.com and GraphPad Prism 

9.3.1. 

Similar to other cancer progressions, in H&N cancer, epithelial, mesothelial, and endothelial cells 

shift from a basal to mesenchymal phenotype that allows these cells to acquire mobility and protect 

tumor cells from anoikis, a programmed cell death (19). These phenomena are commonly known 

as epithelial, mesothelial, and endothelial mesenchymal transitions, respectively. Cancer-

associated fibroblasts may differentiate from resident fibroblasts and from epithelial, mesothelial, 

and endothelial cells during respective mesenchymal transitions. Cancer-associated fibroblasts 

play important roles in tumor growth and maintenance through secreting autocrine and paracrine 

signaling molecules such as IL-1a, IL-1b, IL-6, IL33, HGF, VEGF, TNF-a, TGF-b, CCL-2, 

CXCL-12, CXCR-4, MMP-2, and Snail (17, 19, 22). Cancer-associated fibroblasts in concert with 
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endothelial cells secrete EGF that enhances tumorous motility and stemness (23, 24). In addition, 

stromal cells such as fibroblasts produce ECM proteins (e.g., collagen, elastin, and fibronectin) 

that create the fibrous architectural conformation of the tumorous body (19, 25). This structural 

fibrous network contributes to cell adhesion, cell proliferation, and cell migration, which, in turn, 

leads to tumor progression and reduced response to treatment (18, 19, 25).  

Specific to the H&N cancer, the TME aggressiveness and resistance to treatment are linked to two 

primary mechanisms, namely, the dysregulation of the immune system and tumor hypoxia (20). 

With respect to the dysregulated immune system, a plethora of immune cells including T cells 

(cytotoxic and regulatory phenotypes), B cells, natural killers, tumor-associated macrophages 

(anti- and pro-tumor phenotypes), tumor-associated neutrophils, myeloid-derived suppressor cells, 

and mast cells are found within the TME of H&N tumors (6, 26). Checkpoint markers, including 

programmed cell death 1 (PD-1) and its ligand PD-L1, were found upregulated on exhausted T 

cells and myeloid-derived suppressor cells in the H&N TME (6). As a result, two PD-1 inhibitor 

drugs, pembrolizumab and nivolumab, were developed and approved for H&N cancer treatment 

in 2016, for unresectable and cisplatin-resistant recurrent/metastatic H&N cancer (4, 27, 28).  

Tumor hypoxia is another well-recognized factor contributing to the aggressive tumor behavior 

and drug resistance in H&N cancer (19, 20, 29). The fenestrated tumor vessels result in aberrant 

tumor blood flow to the under-perfused areas of the solid tumor (Figures 3-2E, F). In particular, 

oxygen, nutrients, and drugs are restricted to reach the cells in certain tumor areas, leading to some 

high-level hypoxic regions within the TME (18, 20). Pro-tumor/anti-inflammatory macrophages 

are reported to secrete excessive angiogenic cytokines such as VEGF, IL-6, IL-8, CCL-2, and 

MMP-9, which results in aberrant angiogenesis and the hypoxic H&N-specific TME in vitro and 

in vivo (6, 17, 18, 30, 31). 

3.3 Design principles of in vitro head and neck cancer models  

Like many other in vitro models mimicking the TME, a representative in vitro H&N tumor model 

is expected to sufficiently recapitulate: (I) a 3D tumor-like geometry for cell– cell and cell–ECM 

interactions; (II) the heterogeneous cell types such as squamous cell carcinomas, stromal, and 

immune cells in the TME; and (III) the aberrant and fenestrated vasculature for the high-level 

hypoxic TME (Figure 3-2). These principles are further elaborated in the following paragraphs. 



 

 

 35  

 

 

Figure 3-2. Schematic representation of the potential tumor location and tumor microenvironment (TME) in H&N 

cancer. (A) H&N cancer may be found at oral, nasal, and paranasal cavities, larynx, and pharynx anatomical sites. (B) 

Clinical image of stage 2 tongue cancer (<4 cm) provided by Drs. Yo Kishimoto and Hideaki Okuyama’s research 

team at the Kyoto University Hospital with patient’s consent. (C) Heterogeneous cell populations are resided within 

an H&N squamous cell carcinoma. Stromal cells including mesenchymal stem cells and fibroblasts are commonly 

found in the outer layer of the tumorous body. Tumor-infiltrating immune cells including macrophages and T cells 

among others are found within the tumor. (D) The extracellular matrix provides structural support and biochemical 

cues to the TME via cell–cell/–ECM interactions. Mutation of pathways PI3K/Akt/mTOR, TP53, NOTCH, EGFR, 

JAK/STAT, Ras/MEK/ERK, and MET relate to H&N cancer development. (E) The hypoxic region is located at the 

center of the tumor, which is characterized by aberrant vasculature. (F) This fenestrated vasculature hampers the 

proper supply of nutrients, oxygen, and therapeutics. ECM, extracellular matrix; IL, interleukin; MDSC, myeloid-
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derived suppressor cell; MMP, metalloproteinase; VEGF, vascular epithelial growth factor. Figure created with 

BioRender.com. 

3.3.1 Three-dimensional tumor geometry  

Tumors are 3D sphere-like solid structures with unique physical and biochemical boundaries, in 

which they need to be considered for cancer drug screening and evaluation. First, the physical 

geometry of the tumor affects drug disposition, diffusion, and absorption (32–34). For instance, 

the flat two-dimensional (2D) monolayer geometry exposes the drug application to the entire cell 

monolayer, making the cells more susceptible to the applied drug compared to that of 3D geometry 

(35, 36). Advanced in vitro cancer models have incorporated 3D spherical geometries to make the 

drug diffusion and uptake by cellular targets more similar to the in vivo settings of solid H&N 

tumors. Second, the 3D tumor geometry is a key parameter in the organization of cell membrane 

receptors and the remodeling of ECM constituents, which, in turn, modulate autocrine and 

paracrine signaling mechanisms in the TME. For example, E-cadherin adhesion proteins were 

found to be upregulated in 12 individual spheroid cultures made from each H&N cancer cell line 

(FaDu, HLaC78, Hep-2, Hep-2-Tax, HLaC79, HLaC79-Tax, HPaC79, HSmC78, CAL-27, 

PE/CA-PJ41, SCC4, HNO210) but not in any of the corresponding 2D monolayer controls (32). 

As such, 3D sphere-like culture models, as of spheroids, are essential to emulate the physical and 

biochemical characteristics of the solid tumor shape in the evaluation of cell–cell/–ECM crosstalk 

and pharmacokinetics of cancer drugs (32, 33). 

 

3.3.2 Heterogeneous cell types  

Recently, multicellular in vitro models have been developed for lung (37), breast (38), and 

pancreatic (39) cancer research. Such model is particularly useful to study the crosstalk between 

cells in response to cancer drugs. For example, a triple coculture pancreatic model was developed 

to create a hetero-, multicellular tumor spheroid consisting of pancreatic cancer cells, fibroblasts, 

and endothelial cells for the investigation of the TME response to chemotherapy (39). To mimic 

the heterogenous TME in H&N cancer, cell lines such as CAL-27, CAL-33, Detroit 562, Hep2, 

Hep3, FaDu, SCC-4, UM-SCC-3, UM-SCC-4, and UM-SCC17A, among others, are widely used 

in in vitro 2D and 3D H&N cancer models (40).  
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Being able to model a heterogeneous cell population in vitro is key to understand the complex 

interactions of cancer, stromal, and immune cells, and their collective response to the testing drugs 

within the TME (Figures 3-2C, D). For instance, a cisplatin sensitivity study used a simple 2D 

transwell system with Boyen’s chambers to coculture patient-derived CAFs and pharyngeal cancer 

cell lines (FaDu and Detroit 562) (41). Clonogenic survival and gene inspection showed that CAFs 

notably affected the colony-forming and cisplatin-sensitizing capabilities of pharyngeal cancer 

cells through the paracrine signaling of VEGFA, PGE2S, COX2, EGFR, and NANOG. As 2D 

transwell systems can incorporate two cell types at most, enhancing the complexity of in vitro 

models is a necessary step to better mimic the 3D tumor cell heterogeneity in H&N and other 

tumors. However, one major challenge of multicellular coculture models is the cross-

contamination of culture media (42). To address this challenge, microfluidic platforms can be used 

to compartmentalize heterogeneous cell populations within the same culture platform (43, 44). 

One plausible strategy is to culture individual cell populations in separate compartments sharing a 

constantly irrigated channel with cultured media. The shared media will then contain paracrine 

factor secretion aiding the multicellular interactions of the individual cellular compartments. 

 

3.3.3 Hypoxic environment and fenestrated vasculature  

Tumor hypoxia is a notable factor of avascular solid tumor cores and micrometastases in cancer 

development (45). The TME of H&N cancer may have regions with oxygen levels as low as <5 

mmHg at hypoxic sites (46). Fenestrated vasculature in hypoxic niches leads to vessel leakage, 

which limits an effective supply of oxygen, nutrients, and therapeutics to the tumor core. Hypoxic 

cues, namely, oxygen deprivation and irregular irrigation, are thus two key parameters to be 

considered in the design of effective in vitro H&N cancer models (Figures 3-2E, F). 

Regarding oxygen deprivation, hypoxic gradients can be created by utilizing 3D in vitro culture 

geometry (47) or hypoxic culture chambers with microfluidics (48). For instance, spheroid cultures 

have been created to generate three geometrical regions with distinctive hypoxic gradients, 

namely, (I) an outer high-oxygen/nutrient-proliferative region, (II) a middle medium-

oxygen/nutrient senescence region, and (III) a low-oxygen/ nutrient necrotic region found in the 

spheroid core (36, 45).  
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Concerning irregular irrigation, static cultures do not translate the capillary supply as of in vivo 

systems (49). To this end, microfluidic technologies hold great promises to mimic the irregular 

blood supply of tumors by precisely controlling and monitoring the flow rate of media (ranging in 

microliters per minute) with integrated microchannels and a sensing element into the culturing 

platform (50). Hypoxic profiles can also be tuned by integrating spheroid models into microfluidic 

platforms. The cellular uptake of chemotherapy drugs can then be imaged along specific hypoxic 

gradients with real-time microscopy (51). 

3.4 Advanced in vitro models for head and neck cancer drug screening and evaluation  

The most common evaluation platform for drug development in H&N cancer is conventional 2D 

in vitro models thus far due to their low cost, high reproducibility, and potential coculture 

capability (52). However, 2D in vitro models are unable to (I) mimic the physical geometry of 

tumor, (II) avoid the cross-contamination of culture media in multicellular models, and (III) mimic 

the oxygen deprivation and irregular irrigation of the hypoxia region, which are key factors in the 

evaluation of tumor progression, chemoresistance, and treatment response (35, 36, 52). Advanced 

in vitro systems, including spheroids, 3D scaffolds, and microfluidic devices, have thus been 

developed to overcome these barriers (53). Although the application of these culture platforms to 

model H&N cancer microenvironment and its drug discovery is still in its infancy, recent research 

on H&N cancer has been using 3D in vitro models to advance the growing need of these systems 

for clinical translation (Figure 3-3). 

3.4.1 Spheroid models  

Spheroids are functional aggregations of cells that are generally formed via forced floating 

aggregation, hanging drop, or organotypic hydrogel embedment methods (52). The forced floating 

aggregation methods are most commonly used in H&N cancer models (32–34, 54–57) (Table 3-

1, Figure 3-4). The forced floating method is to use low-attachment well-plates that hinder the 

cell–substrate interaction and promote cell self-aggregation. In addition, hanging drop and 

hydrogel embedment methods were also used to fabricate H&N cancer spheroids. The hanging 

drop methodology is to place a drop of cell suspension on the underside of culture plates that cells 

can aggregate and form spheroids at the drop tip (58, 59). For the organotypic hydrogel embedment 
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approach, cell suspensions are pipetted into an ECM-based hydrogel for cellular support, self-

assembly, and spheroid formation (60, 61).  

 

Figure 3-3. Common in vitro cancer models. Two-dimensional (2D) flat monolayer cell cultures grown on plastic or 

glass surfaces. Transwell systems with Boyden’s chamber inserts for cellular cocultures. 3D spheroid-based systems 

by forced aggregation of cells into a 3D construct. 3D organotypic systems by culturing cells within a matrix such as 

a hydrogel. Microfluidic-based culture systems by culturing cells within a microchannel with fluid circulation. Figure 

created with BioRender.com. 

 

With the introduction of spheroid H&N models, researchers were able to better decipher the 

epithelial–mesenchymal transition (EMT) mechanism under a hypoxic environment with or 

without cancer drugs (62). For example, Melissaridou et al. (33) compared 2D and 3D cell cultures 

from five H&N squamous cell carcinoma–derived cell lines in their expression of EMT and 

stemness markers as well as response to cetuximab and cisplatin drugs. EMT-associated and stem 

cell markers including CDH1, NANOG, and SOX2 were upregulated in 3D spheroid groups but 

not in 2D monolayer controls. In addition, the spheroid groups showed increased resistance to 

cisplatin and cetuximab treatments compared to 2D monolayer cultures. Essid et al. (48) developed 

spheroids from a human tongue cell line to investigate the relationship between EMT and hypoxia. 

These spheroids were grown in hypoxic chambers subjected to 1% O2 for 30 days. Results showed 

an increased mRNA expression in E-cadherin and N-cadherin as well as carbonic anhydrase 9, a 

hypoxic marker, in the spheroid hypoxic cores.  
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Figure 3-4. An illustration of spheroid culture model. Hypoxic gradients within spheroid cultures comprise an outer 

high-oxygen/nutrient region, a middle medium-oxygen/nutrient region, and a low-oxygen/nutrient region. In addition, 

cell–cell interactions take place in the spheroid model via functional cell aggregation and E-cadherin binding. Figure 

created with BioRender.com. 

To further investigate the effect of hypoxia on the treatment response in H&N cancers (Figure 3-

4), Basheer et al. (47) analyzed protein expression on five H&N cancer cell lines under normoxia 

and hypoxia in both OSC-19 spheroid cultures and monolayer controls using Western blot, flow 

cytometry, and immunofluorescence staining. The protein expression of CCR7, a chemokine 

receptor associated with hypoxia, was found significantly higher in the hypoxic core of the 

spheroid cultures compared to monolayer and normoxic controls. All in all, previously mentioned 

results pointed to the importance of tumor-like geometries as presented in spheroid models for the 

evaluation of drug sensitivity and cytotoxicity. 

 

Future prospects  

New 3D bioprinting techniques such as inkjet-based, pressure-assisted, and laser-assisted 

approaches (63) hold new promises for fabricating complex organotypic tumor spheroids in terms 

of cellularity and architecture (64). To fabricate multicellular spheroids, bioprinting allows the 

layer-by-layer precise assembly of 3D biological constructs. Synthetic polymers (e.g., 

polycaprolactone) and naturally derived polymers (e.g., alginate) are commonly used as bioinks to 

resemble the tissue-specific ECM (65, 66). Bioinks can also be printed with multiple cell types 
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(squamous cell carcinomas, CAFs, and pro-tumor macrophages of H&N tumors) by using 

pressure-assisted and laser-assisted printing approaches (63). The incorporation of cancer stem 

cells may further mirror the aggressive H&N TME (55, 67) in the bioprinted construct due to the 

self-renewal and differentiation capabilities of these cell types. In addition, physiological cues such 

as 3D tumor geometry, cell heterogeneity, and normoxic-to-hypoxic strata can thus be recreated 

to induce cell–cell/–ECM interactions as expected in the H&N TME (68). 

Further, a multi- and heterogeneous-layer geometry of the tumor spheroids can be bioprinted by 

implementing cell-laden bioink deposition with zone-specific techniques, for example, by varying 

pore-size and interconnectivity (63, 66, 69). As a result, each layer of the organotypic spheroid can 

have individual TME cell populations and ECM compositions to better mimic hypoxic niches 

within the tumor-like in vitro models (63). Within the 3D organotypic models, organoids that are 

specific3Dcell–embedded models consisting of stem or patient-specific cells and ECM 

constituents in the form of a multilayer geometry are very desirable H&N TME models (70). The 

future perspective of organoids is further discussed in the Future Outlook section. 
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Table 3-1. Spheroid models in head and neck (H&N) cancer research. 

Author Aim Drug 

Stimulant 

Culture Model Design and Components Analytic Outputs Main Findings 

Single vs Multi-

cellular Cultures 

Primary vs 

Cell Lines 

2D vs 3D 

Geometry 

Hypoxic 

Cues 

Schmidt et al. 

[111] 

 

To compare the effect 

of 2D and 3D culture 

methods regarding gene 

expression in terms of 

cell junctions, cell 

adhesion, cell cycle and 

metabolism  

NS 

 

Single Primary:  

NS 

 

Cell lines: 

- FaDu 

-HLaC78  

-Hep-2 

-Hep-2-Tax  

-HLaC79 

-HLaC79-Tax  

-HPaC79  

-HSmC78  

-CAL-27 

-PE/CA-PJ41  

-SCC4 

-HNO210 

 

2D:  

Monolayer  

control 

 

3D:  

Forced floating 

method 

NS -RNA extraction  

-RNA quality control 

-Microarray analysis 

-Real-time PCR 

-Scanning electron 

microscopy 

-Spheroid tight 

formation was 

dependant on 

upregulation of E-

cadherin (cell adhesion) 

and downregulation 

Ki67 (cell proliferation) 

in comparison to 

monolayer controls 

Melissaridou et al. 

[112] 

To compare the effect 

of 2D and 3D culture 

methods on cell 

-Cetuximab 

-Cisplatin 

 

Single Primary:  

NS 

2D:  

Monolayer  

control 

NS -Clonogenic assay 

-Tunel staining 

-Spheroids presented a 

cancer stem cell-like 

phenotype 



 

 

 43  

 

proliferation, response 

to anti-cancer drugs 

and EMT profiles 

 

 

Cell lines: 

-LK0858B 

-LK0902 

-LK0917 

-LK1108  

-LK1122 

 

 

3D:  

Forced floating 

method 

-CellTiter 96® Proliferation 

Assay  

-Western blotting 

-RT-qPCR 

(upregulation of EMT-

associated proteins).                   

-Drug effects were 

significantly different 

on spheroids compared 

to monolayer control. 

Azharuddin et al. 

[83] 

To compare the effect 

of 2D and 3D culture 

methods regarding 

chemoresistance  

 -Cisplatin 

-Doxorubicin 

-Methotrexate 

 

 Tri-culture 

(cancer cells) 

Primary:  

NS 

 

Cell lines: 

-LK0902 

-LK0917 

-LK1108 

2D:  

Monolayer  

control 

 

3D:   

Forced floating 

method 

 

NS -CellTiter 96® Proliferation 

Assay  

-Live-cell imaging calcein-

AM 

-Ros DCFDA assay  

-Flow cytometry 

-Drug vulnerability and 

potential 

chemoresistance was 

predicted by analyzing 

efflux pump (ABC 

pump) activities.  

-Comparative response 

of multi-drug 

resistance, drug efflux 

capability, and reactive 

oxygen species on 

treated cells. 
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Essid et al.    [113] To compare the effect 

of 2D and 3D culture 

methods on EMT, 

cancer stem cell, and 

hypoxia markers  

Hypoxia 1% 

O2 chamber 

(monolayer) 

 

Single Primary:  

NS 

 

Cell lines: 

CAL-33 

2D:  

Monolayer  

control 

 

3D: 

Forced floating 

method 

 

✓ -Clonogenic assay  

-Western blotting  

-Immunofluorescence 

staining  

-RT-PCR 

-Serum in media was 

reported to revert EMT, 

cancer stem cell, and 

hypoxia phenotype. 

-Spheroids cultured 

under hypoxia (1% O2) 

showed increased 

carbonic anhydrase IX, 

vimentin, N-cadherin, 

glioma-associated 

oncogene homolog 1, 

and decreased E-

cadherin. 

Basheer et al.  

[114] 

To compare the effect 

of hypoxic and 

normoxic culture 

methods on HIF-1α – 

CCR7 correlation 

Hypoxia, low 

O2 or CoCl2 to 

cell culture 

medium  

 

Multi-cellular Primary:  

NS 

 

Cell lines: 

-OSC-19 

-FaDu 

-SCC-4 

-A-253 

-Detroit-562 

2D:  

Monolayer  

control 

 

3D:  

Spheroid 

formation 

Not Specified 

 

✓ -Immunofluorescence 

staining 

-Immunoblotting 

-Flow cytometry 

-HIF-1α expression 

(hypoxia) was 

associated with the 

expression of CCR7 

(migration marker).     

-Correlation between 

HIF-1 α and CCR7 was 

noted in early 

histological xenograft 

cancer samples 
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Hagemann et al. 

[115] 

 

To compare 2D and 3D 

methods as 

chemotherapy and 

radiotherapy testing 

platforms 

-Cisplatin 

-5-FU  

-2Gy radiation 

 

Single 

 

Primary: 

-Tumor biopsy 

from H&N 

squamous cell 

carcinoma 

 

Cell lines: 

-CAL-27 

-FaDu 

-PiCa 

 

2D:  

Monolayer  

control 

 

3D:  

-Forced floating 

and 

-Hanging drop 

methods 

NS -WST-8 assay 

-ELISA 

-Forced floating 

method was reported to 

be safer and more 

reliable than the 

hanging drop method.  

-Proof-of-concept data 

concerning spheroids as 

therapy screening 

platform. 

-Spheroid growth was 

reduced after 

chemoradiation 

treatment. Significant 

negative impact was 

noted with the cisplatin 

+ radiation treatment 

compared to cisplatin 

alone. 

Goričan et al. 

[116] 

To evaluate a 3D model 

as therapy testing 

platform 

All-trans 

retinoic acid 

(ATRA) 

 

Single Primary:  

NS 

 

Cell lines: 

FaDu 

2D:  

NS 

 

3D:  

Forced floating 

method   

NS -Immunofluorescence 

staining 

-qPCR 

-Flow cytometry 

-Western blotting 

-HTS 

-A new cancer stem 

cell-enriched spheroid 

model adaptable for 

HTS of anti-cancer 

stem cell compounds 

-ATRA treatment was 

reported to reduce 

cancer stem cell 

markers. 
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Magan et al. [117] To evaluate a 3D model 

as chemotherapy and 

immunotherapy testing 

platform 

-Cisplatin 

-Cetuximab 

Two-culture Primary:  

Patient-derived 

cancer-

associated 

fibroblasts 

 

Cell lines: 

-LK0902 

-LK0917 

-LK1108 

 

2D:  

NS 

 

3D:  

Forced floating 

method   

 -Immunofluorescence 

staining 

-TUNEL assay 

-RT-qPCR 

- CellTiter 96® Proliferation 

Assay 

-Cancer-associated 

fibroblasts increased 

cancer cell proliferation 

and EGFR expression 

in co-cultured tumor 

spheroid 

-EGFR-overexpressed 

spheroids showed 

increased response 

towards cetuximab 

after 72h exposure 

-Ki67 overexpression 

was noted in tumor 

cells treated with 

cisplatin for 72h 

Kochanek et al. 

[118] 

 

To evaluate a 3D model 

as chemotherapy 

testing platform 

-Doxorubicin Single Primary:  

NS 

 

Cell lines: 

-FaDu 

-CAL-27 

2D:  

NS 

 

3D:  

Forced floating 

method   

NS -Immunofluorescence 

staining 

-Widefield microscopy 

-LIVE/DEAD staining 

-Proliferation assay 

-Mitochondrial mass and 

membrane potential assay 

-Cells at the outer layer 

of the spheroid showed 

higher drug uptake 

compared to cores after 

1-day exposure 

-Spheroid morphology 

was altered after 1-day 

drug exposure 
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-CAL-33 

-OSC-19 

-Detroit-562 

-BIRC-56 

-PCI-13 

-PCI-52 

-UM-SCC-1 

UM-22B 

-SCC-9 

-HET-1A 
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3.4.2 Organotypic models  

Organotypic models provide intracellular communication between cells embedded in ECM-based 

scaffolds (71–74) (Figure 3-5). A 3D scaffold-based in vitro model aims at recapitulating the 

native tissue’s ECM microenvironment in terms of mechanical stability and structural architecture 

in the support of cell signaling, migration, survival, and growth (75). The materials used to make 

biological scaffolds are mostly obtained from natural or synthetic polymers, often in aqueous form. 

To convert the aqueous materials to a gel-like scaffold, crosslinking methods such as UV radiation, 

enzymatic reactions, and temperature changes have been adopted for sol–gel transitions in most in 

vitro cancer model developments (76).  

To date, organotypic H&N models comprise the use of patient-derived H&N squamous cells 

together with decellularized extracellular matrix (dECM) (77–80)or synthetic ECM substitutes 

(60, 61, 81–83) as the most common constituent materials (Table 3-2). In particular, dECM 

scaffolds are often selected for cancer modeling, owing to their retained bioactive molecules (e.g., 

collagen, proteoglycans, and glycoproteins) (75) to support H&N cancer and TME cells for 

organoid formation. In addition, synthetic ECM substitutes such as the commercially available 

Matrigel®, which is derived from mice sarcoma (84), are also used for fabricating organotypic 

H&N cancer models (60, 77, 80). However, Matrigel® is reported with single-batch variations that 

cause a significant concern on mechanical inconsistency, especially in fabricating reproducible 

organoids even when using the same batch of the product (84).  
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Figure 3-5. An illustration of organotypic culture models. Organotypic models provide cell–cell/ECM interactions 

within the culture model. Organotypic models are 3D in vitro platforms comprising the embedment of disaggregated 

cells/tissues in ECM-based scaffolds. Particularly, organoids are those organotypic models derived specifically from 

stem or patient-specific cells. Spheroids may be fabricated using one or multiple conventional cell lines or patient-

derived cells, with or without the use of ECM-based embedment. Figure created with BioRender.com. 

In an effort of developing patient-specific organotypic models, Tanaka et al. (60) combined an 

epithelial cell sheet, the Matrigel®, and individual squamous cell carcinomas derived from 43 

biopsies of H&N cancer patients. The organotypic models were subjected to the exposure of 

cisplatin and docetaxel for eight consecutive days (60). Results showed that these models 

displayed a patient-specific chemoresistant response. For example, the MDA-HN-2C organoid 

group developed resistance to cisplatin and docetaxel, corresponding to that of the individual 

patient donor with recurrent H&N cancer. In addition, the organoid-like models showed increased 

resistance to both drugs in comparison to that of 2D monolayer controls. The proposed patient-

derived organoid (PDO) platform served a notable step toward the application of predicting 

patient-specific H&N drug sensitivity in vitro.  

One advancement of the cancer organotypic model is to approximate the heterogeneity of tissue 

strata as seen in the tumor architecture. For instance, in H&N tumor, tissue strata mostly comprise 
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squamous epithelia, basal strata, stroma, and lamina propria. Zhao et al. (77) investigated whether 

the tissue sources of dECM would result in a specific stratum architecture of the scaffold that 

might, in turn, affect the drug response of cancer cells. Mouse, rat, and pig tongue tissue samples 

were decellularized and used to fabricate scaffolds with patient- specific cancer-associated 

fibroblasts and CAL-27 cells. Hematoxylin & eosin staining, scanning electron microscopy, and 

transmission electron microscopy showed a similar histological stratum architecture of the three 

dECM scaffolds. Further investigation using a mouse dECM scaffold showed that the elastic 

modulus of mouse dECM scaffolds was comparable to that of native mouse tongue tissue (0.503 

MPa vs. 0.567 MPa). 

Compared to monolayer non-scaffold controls, mouse-derived dECM scaffolds showed improved 

cell adhesion, proliferation, and survival after 14 and 28 days of cultures in the absence of drug 

exposure. After a 2-day exposure of cisplatin, an apoptotic marker, namely, caspase 8, showed 

distinctive staining patterns across the strata of mouse-derived dECM scaffolds. For instance, 

cancer cells at the muscle fiber layer of the scaffold expressed stronger caspase 8 expression than 

those at the basal layer of the scaffold, possibly owing to the drug-penetration gradients.  

Aside from the evaluation of dECM sources, Ayuso et al. (79) compared 3 culture models, namely, 

(I) 2D monolayer cocultures with primary cancer-associated fibroblasts and H&N cancer cell lines 

(UM-SCC-1 and UM-SCC-47), (II) 3D collagen hydrogel scaffolds seeded with H&N cancer cells, 

and (III) 3D H&N cancer cell spheroids of their responses to cetuximab and an mTOR inhibitor. 

Cell cytotoxicity results indicated a stronger drug resistance response in the coculture (1.4-fold 

increase) and 3D culture groups (2.6-fold increase) compared to 2D monocultures. No statistical 

comparison was reported between the two 3D culture groups. Nevertheless, the differentiated drug 

resistance between the 2D and the 3D culture groups may be associated with the geometry-induced 

drug impediment.  

High-throughput screening (HTS) with organotypic models is one critical advancement of scaffold 

models for immune- oncology and drug discovery (85). Using 384-well plates, Tuomainen et al. 

(80) evaluated the effect of 19 immunotherapy drugs on 12 H&N cancer cell lines seeded within 

3D scaffolds inserted in those plates. The 19 immuno- drugs were inhibitors of 5 EGFR (gefitinib, 

erlotinib, cetuximab/erbitux, canertinib, and afatinib), 6 MEK (trametinib, TAK-733, selumetinib, 
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refametinib, pimasertib, and binimetinib), and 8 mTOR (temsirolimus, sirolimus, ridaforolimus, 

PF-04691502, omipalisib, everolimus, dactolisib, and apitolisib). The testing scaffolds included 

Matrigel® and human-derived leiomyoma referred to as Myogel. Compared to Matrigel®, cells 

embedded in Myogels showed significantly lower EGFR and MEK inhibition activity after 72 h 

of drug inspection. Normalized HTS drug response profiles consisted off our activity levels based 

on a drug-sensitivity score (DSS) and artificial cutoff points: inactive DSS < 5, low 5 ≥ DSS < 10, 

moderate 10 ≥ DSS < 15, and high DSS ≥ 15 (80). Overall, a low activity of mTOR inhibitors was 

consistently found in most of the cell lines from both Matrigel® and Myogel scaffold models. 

Results from this study provided early evidence of the reliability and predictability of using HTS 

organoid platforms in the evaluation of cancer therapeutics.  

In addition to chemotherapy drug–related studies, Young et al. (81) developed a 3D tissue 

construct of a collagen and cellulose tissue roll scaffold “TRACER” for radiation therapy 

screening. The FaDu cell line and primary cancer–associated fibroblasts, stromal cells, were 

transfected with green fluorescent protein and mCherry, respectively. Both cells were seeded into 

the cellulose layer (cancer-associated fibroblasts in layer 1 and FaDu in layer 3) with or without a 

central collagen/agarose layer to separate the coculture. The cell-seeded TRACER was rolled onto 

an acrylic core placed into custom-made 50-ml Falcon tubes and then subjected to 5- or 10-Gray 

radial arc radiations. Clonogenic results indicated that no radioprotective behavior from the CAFs 

was observed in the cocultures regardless of the presence of the central layer after 24-h culture. In 

a separate study, x-ray radiation (0–15 Gray) was found to downregulate HeLa cancer cell 

proliferation, cell viability, vinculin, and a- tubulin expression in 2% agarose hydrogels with 250 

µm of diameter compared to 2D flat counterparts (86). Although results from these two radiation 

studies were not fully corroborated, 3D tissue constructs with cocultures showed the potentials of 

elucidating epithelial–stromal interactions of tumor response to radiation exposure. 

Future prospects  

Organotypic models have demonstrated great possibilities for approximating the TME and 

supporting the HTS cancer drug platform. Several technical challenges remain to adapt the 

organotypic models to fulfill the two aforesaid promises. Organotypic fabrication is complex, 

especially considering the scaffold embedment that influences the therapeutic response based on 
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the scaffold’s composition and network (87). For instance, these models have not been fully 

designed to incorporate the irrigation features of tumor modeling. One possibility is to place the 

scaffolds into microfluidic channels to recapitulate the constant irrigation features of native tumor 

or healthy tissues with bioprinting and electrospinning techniques (88). Electrolyte-assisted 

electrospinning can further help to fabricate nanofibrous membranes through electrostatic forces 

to draw charged threads of dissolved polymers to a grounded electrolyte solution (89). These 

nanofiber membranes can be located inside microfluidic channels for tissue-engineered scaffolds 

(89). By integrating electrospinning and microfluidic technologies, scaffold-based models can 

better meet the functionality of continuous monitoring and irrigation of cancer therapeutics. 
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Table 3-2. Organotypic Models in Head and Neck Cancer Research. NS = Not Studied 

Author Aim Drug 

Stimulant 

Culture Model Design and Components Analytic Outputs Main Findings 

Single vs 

Multi-cellular 

Cultures 

Primary vs Cell 

Lines 

2D vs 3D 

Geometry 

Hypoxic 

Cues 

Tanaka et 

al. 

[119] 

To compare 2D vs 3D 

methods as chemotherapy 

sensitivity platform 

-Cisplatin 

-Docetaxel  

 

Single Primary: 

-Tumor biopsy 

from H&N 

squamous cell 

carcinoma 

 

Cell lines: 

-MDA-HN2016-2 

-MDA-HN2016-

18 

-MDA-HN2016-

21 

 

2D:  

Monolayer  

control 

 

3D:  

Forced floating 

method and then 

transferred into 

Matrigel®  

NS -DNA extraction 

-STR profiling 

-Western blotting  

-Clonogenic assay 

-Patient-derived organotypic model were useful as testing 

platforms for chemotherapy agents. 

-Seven 2D cell lines and 13 organoid cell lines produced 

after this study 

-Obtained cell lines presented chemoresistance cues as 

tissue source 

Driehuis et 

al. 

[120] 

To compare 2D vs 3D 

methods as photodynamic 

therapy testing platform 

Photosensitizer 

(binds EGFR) 

for 

photodynamic 

therapy  

 

 

Single 

 

 

Primary: 

-Tumor biopsy 

from H&N 

squamous cell 

carcinoma 

 

2D:  

Monolayer  

control 

 

3D:  

NS -qPCR 

-Flow Cytometry  

-Immunofluorescence 

staining 

-PDT Assay  

-Patient-derived organotypic model had similar EGFR 

expression as tissue source. 

-These models were useful as testing platforms for EGFR-

targeted therapy. 
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Cell lines: 

- UM-SCC-14C 

-CRL-1555 

-human cervical 

carcinoma cell 

line 

HeLa (CCL-2) 

-human embryonal 

kidney cell line 

HEK293T (CRL-

3216) 

 

Basement 

Membrane 

Extract type 2 

(an ECM 

mimetic agent) 

in media  

Zhao et al. 

[121] 

To compare 2D vs 3D 

methods as chemotherapy 

screening and 

regenerative platform 

Cisplatin 

 

Single Primary: 

-Patient-derived 

tongue squamous 

cell carcinoma and 

cancer-associated 

fibroblasts 

 

Cell lines: 

-CAL-27 

 

 

2D:  

Monolayer  

control 

 

3D:  

Decellularized 

tongue 

extracellular 

matrix  

from mice, pig 

and rat 

NS -Immunohistochemistry 

and 

immunofluorescence 

staining 

-Scanning electron 

microscopy 

-Transmission electron 

microscopy 

-Atomic force 

microscopy 

-DNA quantification 

-Proteomic analysis 

-3D scaffold derived from tongue squamous cell carcinoma 

as in vitro culture support and migration 

-3D ECM-like platform for drug testing 

-Mouse-derived dECM scaffold showed increased cell 

adhesion, survival, and differentiation compared to control 

-Cisplatin exposure data showed heterogeneity of cisplatin 

response within the muscle and basal layers of the mouse-

derived dECM scaffold via cell cytotoxicity and caspase 8 

positive staining compared to monolayer control.  
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-collagen 

I/Matrigel® 

matrix 

 

-MTT assay  

-Scratch assay 

 

Burghartz 

et al [122] 

To compare 2D vs 3D 

methods as in vitro 

support model 

NS Single Primary: Human 

salivary gland 

epithelial cells  

 

Cell lines: 

-CAL-27 

 

2D:  

Monolayer  

control 

 

3D:   

decellularized 

porcine jejunum 

matrix 

NS -Immunofluorescence 

staining 

-Scanning electron 

microscopy 

-Transmission electron 

microscopy 

-Amylase Assay Kit  

-RT-PCR 

 

-3D ECM-like platform for potential radiotherapy use 

-Gene expression of α-amylase was higher in 3D mono- and 

coculture compared to 2D monoculture 

Ayuso et 

al. [123] 

To compare 2D vs 3D 

methods as dual drug 

screening platform 

-AZD8055 

(mTOR 

inhibitor) 

-Cetuximab 

(Erbitux) 

Two-culture Primary: 

-Patient-derived 

cancer-associated 

fibroblasts 

 

 

Cell lines: 

-UM-SCC-1 

-UM-SCC-47 

2D:  

Monolayer  

control 

 

3D:   

Spheroid 

hanging drop 

NS - CellTiter 96® 

Proliferation Assay 

-Immunofluorescence 

staining 

 

-3D ECM-like platform as co-culture setup for drug testing 

and EGFR pathway analysis 

-Cell cytotoxicity data showed higher drug resistance 

response in the co-culture (1.4-fold increase) and 3D 

culture groups (2.6-fold increase) compared to 2D 

monocultures 
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 (cultured without 

fibroblasts) 

 

3D collagen 

hydrogel 

(cultured without 

fibroblasts) 

 

Tuomainen 

et al. [124] 

To compare 2D vs 3D 

methods as drug screening 

platform 

-EGFR 

(Gefitinib, 

Erlotinib, 

Cetuximab, 

Canertinib, and 

Afatinib) 

-MEK 

(Trametinib, 

TAK-733, 

Selumetinib, 

Refametinib, 

Pimasertib, and 

Binimetinib) 

-mTOR 

(Temsirolimus, 

Sirolimus, 

Ridaforolimus, 

PF-04691502, 

Omipalisib, 

Everolimus, 

Single Primary:  

NS 

 

Cell lines: 

-UT-SCC-8 

-UT-SCC-14 

-UT-SCC-24A 

-UT-SCC-24B 

-UT-SCC-28 

-UT-SCC-42A 

-UT-SCC-42B 

-UT-SCC-40 

2D:  

Monolayer  

control 

 

3D:  

Matrigel® and a 

leiomyoma–

derived matrix 

“Myogel” 

NS -Drug sensitivity and 

resistance testing 

- CellTiter 96® 

Proliferation Assay 

-Meta-analysis of 

Clinical Data 

-Immunoblot analysis 

-3D ECM-like platform for drug testing and pathway 

analyses 

-Cells seeded in Myogels showed significantly lower EGFR 

and MEK inhibition activity  

-Cells seeded in both scaffolds showed a low mTOR 

inhibition activity in most of the cell lines 
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Dactolisib, and 

Apitolisib) 

 

-UT-SCC-44 

-UT-SCC-73 

-UT-SCC-81 

-T-SCC-106A 

Young et 

al. [125] 

To compare 2D vs 3D 

methods as radiotherapy 

screening platform 

5 or 10 Gray Two-culture Primary: 

-Patient-derived 

Cancer-associated 

fibroblasts 

 

Cell lines: 

-CAL-27 

 

2D:  

Monolayer  

control 

 

3D:   

Tissue Roll for 

the Analysis of 

Cellular 

Environment and 

Response 

(TRACER) 

construct a 

collagen gel and 

cellulose 

scaffold 

 

✓ -MTT assay 

-Immunofluorescence 

staining 

-Hypoxia (EF5) 

staining 

-Live/Dead staining 

-Cell migration 

-Clonogenic assay 

-3D ECM-like platform as co-co-culture setup for 

radiotherapy and hypoxia analysis 

-Increased cell migration and invasion of tumor-stroma co-

cultures within the layers of the tissue roll construct 

-No significant radiation resistance of tumor-stroma co-

cultures within the layers of the tissue roll construct 

Lee et al. 

[126] 

 

To compare 2D vs 3D 

methods as chemotherapy 

testing platform 

-Cisplatin  

-Docetaxel 

 

Two-culture Primary: 

-Tumor 

biopsy/explants 

from H&N 

2D:  

Monolayer  

control 

✓ -Cell counting kit-8 

(CCK-8) 

-LIVE/DEAD assay 

using 

-Tumor explants were reported to present hypoxic cues, and 

drug screening sensitivity 
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squamous cell 

carcinoma 

 

Cell lines: 

NS 

 

 

3D:  

Dissociated 

epithelial cells 

seeded on a 

mixture of 

solidified fibrin 

glue and tumor 

explants 

 

-LOX-1 a hypoxia 

probe 

-Tumor explants in fibrin matrix survived over 10 days 

while those explants without the matrix survived less than 8 

days 

Engelmann 

et al. [127] 

 

To compare HPV-

associated organotypic 

explants as radiotherapy 

testing platform 

 

2 Gray Multi-cellular Primary: 

-Tumor 

biopsy/explants 

from H&N 

squamous cell 

carcinoma 

 

Cell lines: 

NS 

2D:  

NS 

 

3D:  

Dermal 

equivalents from 

viscose fiber 

fabric embedded 

with fibroblast 

for 

ECMuproduction 

H&N tissue 

slices 

 

NS -H&E staining 

-Immunohistochemical 

staining  

-Immunofluorescence 

staining  

-PCR 

-Motility and 

invasiveness analysis 

-Cell viability, 

proliferation, and 

apoptosis assays 

 

-3D ECM-like platform for radiotherapy use 

-Radioresistant tumor cells and morphological variations 

were noted after 5-day fractionated irradiation exposure  

-Tumor slices/explants in dermal equivalents remained 

viable for up to 21-day cultures 
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3.4.3 Microfluidic platforms  

Microfluidic platforms are micromanufactured devices with interconnected chambers, 

membranes, and grooves that share low volumes of fluids (Figure 3-6), which have been widely 

applied for in vitro modeling such as organ-on-a-chip models (49, 90–95) and point-of-care 

systems (96). In cancer research, microfluidic platforms are mostly fabricated using lithography 

and surface micromatching techniques with polydimethylsiloxane, silicon, glass, polycarbonate, 

and polymethylmethacrylate as main materials (49, 91–93, 97–99). Flow mechanisms can be 

implemented through a passive or an active approach within the microfluidic device. Passive flow 

can be driven by gravity, hydrostatic pressure, surface tension, or osmotic pumps (93). Active flow 

mechanism, which is commonly used in H&N microfluidic devices, involves the use of peristaltic 

(2 µl/min to 10 L/min), syringes (0.012 nl/min to 0.3 L/min), and pressure- driven pumps (nl/min 

to ml/min) (49, 91, 93, 96–100).  

 

Figure 3-6. An illustration of microfluidic culture models. Microfluidic devices comprise the interconnection of 

chambers and grooves sharing low volumes of liquids. A more complex design with more channels and chambers can 

enhance its physiological representation but may also increase the chance of challenges as bubble blocking and liquid 

leakage. Figure created with BioRender.com. 
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Microfluidic platforms support simultaneous compartmentalization of multiple cancer cell 

populations with constant culture media irrigation (90). This compartmentalization with dynamic 

flow features allows for the programmatic control and real-time monitoring of cancer cell–

vasculature interplay through the interconnected cellular compartments of the platform (49, 91, 

101). Most chemotherapy drugs are also delivered intravenously that flow dynamically through 

blood vessels to the tumor vasculature and extravascular tissues (102). The dynamic flow feature 

of microfluidic devices can thus resemble the transportation of intravenous systemic treatment and 

help to evaluate its pharmacokinetics in a more precise, controllable manner. Chemotherapy drugs, 

such as paclitaxel, cisplatin, and 5-fluorouracil, have been tested with microfluidic devices in H&N 

cancer research (Table 3-3).  

The first microfluidic device for H&N cancer drug screening was designed by Hattersley et al. via 

lithography in polydimethylsiloxane and a syringe pump (49). Primary H&N squamous cell 

carcinoma biopsies (~3-mm3 size) placed in the microfluidic device equipped with a syringe pump 

were exposed to cisplatin and 5-flourouracil continuous flow up to 7 days. Results showed 

decreases in cell viability and proliferation on drug-exposed groups compared to unexposed 

controls. In addition, the sandwich ELISA results of cytochrome c, a key compound in cell 

apoptosis, were found higher in the culture media in the treated groups compared to untreated 

controls. This study represented an important step of evaluating the personalized treatment of 

patient’s tumor biopsies under constant drug irrigation.  

Riley et al. (91) further advanced the design of microfluidic platforms for personalized H&N drug 

screening. This platform was fabricated with two polyether–ether–ketone support plates, a silicone 

gasket as a tissue well, and a syringe pump. Such platform was applied to evaluate the effect of a 

combined JNK inhibitor and etoposide drug treatment on thyroid cancer biopsies (~5-mm 

diameter) from 23 individual patients. After 4 days of drug exposure, increased cell death was 

found in the thyroid cancer biopsy group compared to the unexposed group although no patient-

specific drug responses were observed in this study. 

Interconnected compartmentalization strategies within microfluidic devices for H&N cancer 

modeling were first implemented by Jin et al. (103). Their microfluidic platforms were made of 
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two layers of polydimethylsiloxane interconnected by a porous polycarbonate membrane and flow 

applied via a double syringe pump. This membrane allowed the nutrient/drug exchange between 

the top chamber (i.e., more cell death) to cisplatin/5-fluorouracil treatment whereas patient-

specific spheroids (SCC-1 group) were more sensitive to cisplatin/paclitaxel treatment. 

Future prospects  

H&N cancer drug studies with microfluidic models emphasized the importance of using patient-

derived biopsies from oral cavity, pharynx, larynx, lymph nodes, and thyroid for patient-specific 

prediction of drug response (49, 91, 94), echoing those as in the review of organoid models. 

Patient-derived tissue biopsies preserve key cellular heterogeneity and geometry of the tumor, 

which are important variables for drug screenings. However, the use of tissue/tumor biopsies for 

microfluidic platforms is hampered by the technical challenge of on-chip imaging and off-chip 

analysis (104). Milliscale tissues as tumor biopsies usually give raise to culture challenge 

concerning the complex tissue preservation during long-term culture times (105). Fortunately, 

advances in microfluidic platforms make the long-term culture of thick tissue samples possible 

with an effective nutrient and oxygen supply through a dynamic flow of culture medium (49, 91). 

In particular, pump-free microfluidic devices were shown to be able to maintain 2-mm human 

organotypic models for a 75-day continuous culture of human brain organoids (106). 

Other advances in microfluidic technology, such as dismantable/open and droplet-based formats, 

also facilitate the development of tumor-on-a-chip devices (104) (Figure 3-7). The 

dismantable/open-layer feature of microfluidic platforms allows for the direct retrieval of the 

analyzed samples by taking apart the top layer of the device (104). Cultured materials can then be 

easily accessible for off-chip analysis as the histological staining of biopsies and biopsy-like 

tissues. The fabrication of tumor-on-a- chip platforms can be complicated due to the necessity of 

having a microscale cell culture environment and chamber flow interconnection, which often 

requires high manual skill sets. The use of 3D printing for creating the on-chip microcomponents 

such as chambers, membranes, and grooves is therefore a very wise option to save labor and costs 

compared to conventional lithography and polydimethylsiloxane molding (107–111).  
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Table 3-3. Microfluidic Devices in Head and Neck Cancer Research. NS = Not Studied 

Author Aim Drug 

Stimulant 

Culture Model Design and Components Analytic Outputs Main Findings 

Single vs 

Multi-cellular 

Cultures 

Primary vs Cell 

Lines 

2D vs 3D 

Geometry 

Hypoxic 

Cues 

Hattersley 

et al. [128] 

A dynamic culture method 

as chemotherapy 

screening platform 

-5-FU 

-Cisplatin 

 

Single Primary: 

Patient-derived 

H&N squamous 

cell carcinoma  

 

Cell lines:  

NS 

 

2D:  

Unexposed 

control 

Dynamic flow 

 

3D:   

Multi-micro- 

channels 

Dynamic flow 

Syringe pump 

 

NS -H&E staining 

-Lactose dehydrogenase 

release  

-WST-1 metabolism 

-Trypan blue                               

-Cytochrome C analysis 

 

-Preclinical model for personalized medicine and testing 

-H&E staining showed retention of multi-layer tissue strata  

-Combination therapy presented higher levels of 

cytochrome C compared to untreated control 

Riley et al. 

[129] 

A dynamic culture method 

as drug screening platform 

-Etoposide 

(topoisomerase 

II inhibitor) 

-SP600125 

(JNK inhibitor) 

Single Primary: 

Human thyroid 

tissue samples 

 

Cell lines:  

2D:  

Unexposed 

control 

Dynamic flow 

 

3D:   

NS -Hematoxylin and eosin 

-Flow cytometry 

-Trypan blue 

-Immunohistochemistry 

staining 

-Functional analysis 

-Preclinical model for personalized medicine and testing 

-H&E staining showed retention of multi-layer tissue strata  

-Thyroid biopsies were considered functional due to the 

production of T4 during the culture period  

-Increased apoptosis on thyroid samples after perfusion of 

both drugs in comparison to untreated control 
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NS 

 

Tissue chamber 

Dynamic flow 

Syringe pump 

- Lactose 

dehydrogenase release 

-TUNEL assay 

-Immunoblot analysis 

 

Al-Samadi 

et al. [130] 

A dynamic culture method 

as drug screening platform 

-PDL1 antibody 

-IDO1 inhibitor 

Single Primary: 

Primary H&N 

squamous cell 

carcinomas,  

T cells, B cells, 

NK cells, 

monocytes, and 

dendritic cells 

 

Cell lines: 

HSC-3 

 

2D:  

Unexposed 

control 

Dynamic flow 

 

3D:   

Chambers 

coated with 

ECM substitute  

Dynamic flow 

Unspecified 

pump 

 

NS -Migration assay 

-Immunofluorescence 

staining 

- CellTiter 96® 

Proliferation Assay 

-Cell Trace kit 

-Preclinical organotypic model for personalized medicine 

and testing 

-IDO 1 inhibitor influence immune cell migration to cancer 

cells 

-Therapy response was reported to be patient-dependant 

Bower et 

al. [131] 

A dynamic culture method 

as maintenance platform 

NS Single Primary: 

Human biopsies 

of laryngeal, 

2D:  

Unexposed 

control 

NS -H&E staining 

-Trypan blue 

-Patient-derived samples were viable for 48h after 

placement in the microfluidic chip 
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oropharyngeal or 

oral cavity tumors 

staged at T2–T4 

 

Cell lines:  

NS 

Dynamic flow 

 

3D:   

Biopsy chamber 

Dynamic flow 

Syringe pump 

 

-Flow cytometry 

-MTS proliferation 

assay 

-No significance difference concerning average 

proliferation of samples pre- and post-cultured in the chip 

Lugo-

Cintrón et 

al. [132] 

A dynamic culture method 

as angiogenesis platform 

NS Two-culture Primary: 

Human tubular 

lymphatic vessels 

and cancer-
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Figure 3-7. Advances in microfluidic technology. Microfluidic devices as tumor-on-a-chip may incorporate 3D-printed components and a dismantable/ open format. 

Figure created with BioRender.com. 
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Lastly, combined chemotherapy drugs, namely, cisplatin and docetaxel, have already been tested 

as a tumor reduction strategy in HPV+ oropharynx cancer patients (112). The multicompartments 

of microfluidic devices can be harnessed for screening multiple therapeutics in parallel, mimicking 

various combinations of cancer drug treatments like dual chemotherapy drugs or even the 

combination of chemoradiotherapy (105). 

3.5 Future Outlook 

The development of multicellular tumor spheroid systems that are compatible for preclinical 

studies, as HTS drug screening (113), is one important milestone of advancing personalized cancer 

medicine (114). As a result, PDOs became increasingly used to preserve part of the structural 

features and genome, epitome, transcriptome, proteome, and metabolome information of an 

individual’s H&N tumorigenesis is for anticancer drug studies (115–117). Certain challenges such 

as suboptimal reproducibility and high manufacturing costs are well-known barriers with advanced 

culturing systems. In particular, the development of microfluidic devices requires specialized 

microfabrication and operation skills. Below, we further present specific challenges with PDOs in 

their adaptation for HTS with respect to their sourcing, fabrication, and culturing life span (Figure 

3-8). 

 

3.5.1 Overcoming the limited source of patient-derived organoids 

Tumor tissue biopsies are needed from cancer patients to generate PDOs, but the source is often 

limited and unpredictable with clinical samples (Figure 3-8A). Fortunately, PDOs can be 

replicated and cryopreserved in specialized facilities, known as living biobanks, without losing 

cell-type specificity (87, 118). For example, intraductal papillary mucinous neoplasms were 

collected from patients with pancreatic cancer (119). The tumor tissues were first digested with a 

proteolytic enzyme for cell retrieval. The recovered cancer cells were then seeded in Matrigel® 

and stored as PDOs in a living biobank (119). The gene analysis data of key markers KRAS, 

PTEN, PIK3CA, GNAS, RNF43, and BRAF showed a similar expression between PDO and the 

patient’s tumor tissue biopsy, which confirmed the preservation of patient samples’ genome in 

living biobanks.  
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Figure 3-8. Future outlook of in vitro H&N cancer patient-derived organoid (PDO) models. (A) Sourcing of H&N 

PDO models using the tumor biopsies of cancer patients and CRISPR DNA–modified healthy cells. (B) Fabrication 

of H&N PDO models using bioprinting. (C) H&N PDO model life span used as air–liquid interface in HTS for 

personalized medicine purposes. Figure created with BioRender.com. 
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The stock of PDOs from living biobanks can be further expanded with the method of patient-

derived xenografts (PDXs) (120–122). A PDX is to first insert PDOs in animals and then amplify 

the PDOs within the host. The derived PDXs (i.e., cloned PDOs) are then cryopreserved and stored 

in living biobanks, preserving cell–cell interactions as those of parent tumor. Of note, the genome 

copy number alterations of PDX- expanded PDOs may change after extensive passaging due to 

possible host reactions to the implant (123–125). As such, if a high passage (>P10) is used in 

treatment, caution needs to be exercised as PDOs and PDX-expanded PDOs may display a 

differentiated response to drug therapeutics. Furthermore, PDX models are time consuming and 

expensive, the engraftment efficiencies may be different among the TME types, and finally, the 

immune response cannot be properly evaluated due to the immunodeficiency of host strains (126). 

As a result, additional cancer model strategies are thus required. 

3.5.2 Patient-derived organoids from cancer and healthy stem cells 

In addition to tissue biopsies, organoids can be grown from cancer or healthy stem cells (115, 116, 

120, 123, 127–133)although their use in cancer research is still in its infancy (128, 133–135). PDOs 

from cancer stem cells possess metastatic, chemotherapy, and radiotherapy resistance features, 

while healthy stem cells do not present those intrinsic characteristics (133, 136). At the same time, 

cancer stem cells are criticized of their limited clonal heterogeneity (133). A plethora of cancer-

associated markers such as CD133, CD44, ABCG2, aldehyde dehydrogenase, octamer binding 

transcriptional factor 4, SOX2, and NANOG have been reported in cancer stem cells (134, 135, 

137). However, marker expression does not necessarily translate into a cancer stem cell phenotype 

without transplantation assays (138). These assays are necessary to verify and characterize the 

tumor-initiating and -regenerating capabilities of such cells on implanted hosts. 

Conversely, healthy adult stem cells like mesenchymal stem cells (139) and induced pluripotent 

stem cells (140) are another option of PDOs in cancer research. Human-induced pluripotent stem 

cells from healthy adults were proposed to generate PDOs for liver cancer studies (140). For 

instance, induced pluripotent stem cell reprogramming from human fibroblasts was successfully 

directed toward a hepatic endoderm-like phenotype via differentiation media containing activin A, 

bFGF, and BMP4 after 8 days of exposure (141). Then, the exposure of differentiation media with 

NOTCH activator agents to generate liver tumoroids or NOTCH inhibitors for liver organoids was 

performed after 2–3 weeks (140). The aforesaid methodology could be adjusted, following the 
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generation protocol of vocal fold mucosae from human-induced pluripotent cells (142). At that 

point, the PDO fabrication protocol for H&N cancer may implement the upregulation of Snail, the 

downregulator of epithelial markers and the upregulator of mesenchymal markers (143), and 

exposure to FGFs to generate stratified squamous epithelia (139, 144).  

In more detail, induced pluripotent stem cell–based cancer modeling can be used as follows (145): 

(I) genetic alterations can be engineered into normal human-induced pluripotent stem cells using 

transcription activator-like effector nucleases (TALENs) or CRISPR/Cas9 (146). These stem- 

derived cells with engineered cancer-associated mutations can be used to acquire the initial cancer 

molecular events to then emulate cancer progression (145). (II) Induced pluripotent stem cells can 

be used to reprogram patient-specific somatic cells with cancer predisposition syndromes such as 

Li–Fraumeni syndrome (147). (III) Induced pluripotent stem cells can be engineered as cancer-

specific cells by targeting tumor suppressors such as SMAD4, Rb/P16, BRCA1, CDKN1A, and 

CDKN2A (145). The previously mentioned stem cell strategies may help advance PDO research 

on H&N cancer. 

Lastly, human embryonic stem cells were implemented as organoids for metastatic brain cancer 

modeling using induced pluripotency stem cell strategy (148). However, the use of embryonic 

stem cells possesses ethical concern, low immune compatibility and potential rejection after 

clinical transplantation (149). Nevertheless, continuous in vitro validation such as phenotype 

analysis is warranted to ensure the safe use of healthy stem cells as PDO models for cancer 

research. 

 

 

 

3.5.3 Patient-derived organoids from CRISPR/Cas9 DNA-modified healthy cells 

CRISPR/Cas9 transgenesis technology has been proposed to genetically modify healthy biopsies 

into PDOs (115, 116, 120, 123). The technology of CRISPR/Cas9, simply put, involves 

activating/silencing a specific gene of target (Figure 3-8A). CRISPR/Cas9-mediated genome 

editing comprises the implementation of two components: (I) single-effector Cas9 protein to allow 

double-stranded breaks in the target DNA and (II) a single-guide RNA to guide the Cas9 complex 

to the targeted genomic zone (150, 151). The CRISPR/Cas9 technology has already been used to 
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fabricate human oncogenic organoids from healthy liver by editing PTEN/TP53 and from healthy 

colon by targeting APC/SMAD4/TP53/K ras/PIK3CA (152). Interestingly, human pluripotent 

stem cells can gain CRISPR/Cas9-mutated p53 with a critical functional evaluation of p53 to avoid 

double- strand break toxicities dependent on p53/TP53 (153). Furthermore, wild-type human 

gastric organoid cell lines with ARID1A, an early-stage gastric cancer marker, as a single mutant 

target has been modified through CRISPR/Cas9 technology (154). In H&N cancer, gene editing 

may target the EGFR/PI3K/Akt/ mTOR pathway for oncogenic organotypic fabrication. 

One known limitation with CRISPR/Cas9 technology is related to the low specificities to the target 

genes (150, 152). For instance, the off-target effect is often observed at a rate ≥50% in RNA-

guided endonuclease-induced mutations in unintended target zones (150, 155). In silico libraries 

as the sgDesigner tool can be used to optimize the design of novel plasmids by including both the 

single- guide RNA and the target site that was not used before (150). In addition, implementing 

Cas9 variants such as Cas9 nickase has also been used to induce single-stranded breaks combined 

with a single-guide RNA in order to produce double- stranded DNA breaks at the desired location 

(150). 

3.5.4 Overcoming the fabrication complexity of patient-derived organoids 

Organotypic models provide a superior potential in patient-specific cellular heterogeneity, 

molecular phenotypes, tissue–stratum architecture, and geometry (156). Bioprinting may help 

fabricate PDO fabrication in a more precise and automated manner compared to conventional PDO 

production. Specifically, the layer-by-layer strategy of bioprinting can help to generate spatial-

specific cell distribution and ECM architecture in PDO fabrication (Figure 3-8B). This strategy is 

empowered by inkjet/extrusion, laser-assisted, and stereolithography bioprinting methods (120, 

157–159). For example, a 3D digital light processing bioprinting/HTS study was conducted to 

bioprint hepatocellular carcinomas and HUVECs in 96-well plates (160). The bioprinted gelatin 

methacryloyl (GelMa)–based construct had the dimensions of 2.4 mm × 2.4 mm × 250 µm, 

highlighting the spatial precision of Digital light processing bioprinting (DLP) technology required 

for HTS.  

Digital light processing bioprinting technology has enhanced the resolution (~10 times) of 

bioprinted PDOs, which has been one notable barrier with nozzle extrusion (159–162). In addition, 
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digital light processing bioprinting offers a shear stress–free advantage over extrusion bioprinting 

by reducing potential cell damage during organotypic assembly (66, 158, 162). This shear stress–

free printing method achieves a cell viability of ≥90% within the 3D-printed construct, whereas 

that of extrusion bioprinting is 40%–80% (66). Concerning multiple gradients in the printed 

assembly, digital light processing bioprinting presents a dynamic gradient tunability needed for 

proper recapitulation of complex anatomical structures compared to that of extrusion bioprinting 

(163). In addition, a low amount of bioink waste is found while changing the gradients using digital 

light processing bioprinting combined with microfluidic technology (163). Digital light 

bioprinting also allows to swiftly produce photopolymerized 3D constructs via a projected light 

(66, 160–162) (Figure 3-8B). Typically speaking, the resolution of digital light processing 

bioprinting meets the need of organoid bioprinting (158, 159, 161). 

For instance, the resolution for inkjet/extrusion and laser-assisted bioprinting is ~50–500 µm and 

~100 µm, respectively, while digital light processing bioprinting can achieve as high as 50-µm 

resolution (161, 162, 164). In general, digital light processing bioprinting take up to 40 min to 

entirely bioprint a 96-well plate (160)at the speedof0.5–15 mm/s (164). Extrusion bioprinting has 

been reported to have longer fabrication times, 10–50 mm/s (165), because of the interaction 

between the bioink viscoelasticity and the extrusion nozzle size (166, 167). Given that the 

resolution necessary for the cell-laden tumor organotypic models is below 100 µm (161), the high-

resolution capability of digital light processing bioprinting will allow precise fabrication of H&N 

PDO models without comprising the time cost. The increased resolution of 3D- printed organ-on-

a-chip can also benefit the development of HTS platforms down the road (168).  

The challenges of digital light processing bioprinting are the scarce number of photoinitiators such 

as Eosin Y, Irgacure 819, and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (160, 164) and 

photo-crosslinking resins like GelMA, methacryloyl hyaluronic acid, and poly(ethylene glycol) 

diacrylate (159, 162, 164). A deficient concentration of photoinitiators within the construct 

provokes poor mechanical properties affecting the desired resolution and cell viability (159, 162). 

Because of that deficiency, proper standardization to balance the photoinitiator and resin 

concentrations will need to be carried out to achieve the reported cell viability ≥90% (66) and high 

resolution ≤50 mm (159, 162, 164). Another hurdle of digital light processing bioprinting is the 

limited incorporation of multiple materials within the 3D cell–based construct (159, 162, 164). 
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However, digital light processing bioprinting can incorporate a multimaterial structure combined 

with microfluidics to print multiple bioinks (163). Taken into consideration the bioink component 

accessibility, nozzle extrusion bioprinting remains the most popular bioprinting method for 

bioprinting (159, 167, 169). 

 

3.5.6 Overcoming the long-term culturing of patient-derived organoids 

Microfluidic chips allow the long-term culture of sizable biological micro-/milliscale samples such 

as PDOs with effective nutrient/waste exchange via the dynamic liquid flow within the chip (109). 

Recent airway-on-a-chip microfluidic platforms, especially those with air–liquid interface feature 

(170–173), are particularly suitable and adapted for H&N cancer modeling given that the H&N 

squamous cell carcinomas are constantly exposed to air. However, most airway-on-a-chip devices 

need pumps to perfuse air and liquid through the air–liquid interface channels, respectively (171–

174). This pump requirement presents a critical challenge for the adaption of HTS arrays. To date, 

non-microfluidic air–liquid interface platforms may incorporate up to 96 individual Transwell 

plates (175), whereas microfluidic-based air–liquid interface systems are able to integrate up to 64 

individual chambers at most (176). None of these are truly considered as high throughput, in which 

HTS is commonly known as testing hundreds of samples on one array.  

That said, one most recent microfluidic platform, developed by Bircsak et al. (177), allowed to 

house tumor organoids cultures up to 200 individual chambers. This device comprised the use of 

a multiplexer fluid control, a perfusion rocker platform, and culture chambers overlayed by the 

three-lane fluid channels. One of the analyses of this liver-on-a-chip platform was to study the 

drug metabolism of five drugs: phenacetin, coumarin, diclofenac, terfenadine, and 

phenolphthalein. Adopting such a microfluidic platform with air–liquid interface and pump-free 

features will present a great leap of advancing in in vitro H&N cancer modeling for high- 

throughput drug screening (Figure 3-8C). Accomplishing the combination of human multiorgan-

on-chips (178) and high- throughput testing could benefit personalized anti-cancer therapy 

screening and discovery to boot (179). 
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3.6 Conclusion 

Geometry, multicellularity, and constant irrigation are key features for developing H&N-specific 

in vitro models for drug screening and discovery. Organotypic multicellular spheroid and organoid 

cultures are highly applicable to approximate cancer- specific TME by mirroring desired geometry 

and cell–cell/–ECM interactions as presented in vivo tumor tissues. Organotypic models can be 

further combined with microfluidic devices to evaluate the crosstalk between cells and barriers to 

the mass transport of oxygen, nutrients, and drug therapeutics. Ultimate in vitro H&N models can 

be achieved by incorporating PDOs, air–liquid interface, and high-throughput readouts for de novo 

oncology drug discovery and evaluation. The adoption of such a tumor-on-a-chip platform is 

expected to minimize the need of animal models and reduce the chance of failures in clinical trials 

for translational research. 
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Preface to Chapter 4 

In Chapter 4, we proposed to encapsulate and characterize DTX in chitosomes as a cytotoxic 

treatment for laryngeal cancer cells (Aim 1). We conducted a series of in vitro experiments to 

evaluate (1) the loading of DTX into the chitosan-coated and non-coated liposomes, (2) 

mucoadhesive behavior of the chitosan coating on the DTX-loaded liposomes, (3) cytotoxic effect 

of DTX-loaded chitosomes on laryngeal cancer cell, laryngeal fibroblasts, and red blood cells. 

 

This work included the development and characterization of mucoadhesive chitosan-coated 

anionic nanoliposomes, referred to as 'chitosomes', loaded with docetaxel to facilitate the targeted 

delivery of docetaxel to laryngeal cancer cells. The anionic liposomes had a diameter of about 100 

nm and a zeta potential of -26 mV intended to have enhanced permeability and retention properties. 

The application of chitosan as a coating increased the liposome size by 20nm and the surface 

charge shifted to +25 mV. We confirmed the formation of DTX-loaded chitosomes through FTIR 

spectroscopy and mucoadhesive testing using an anionic mucin dispersion. 

 

Both empty liposomes and chitosomes demonstrated no harmful effects on human laryngeal 

fibroblasts and cancer cells. Importantly, the chitosomes were efficiently taken up into the 

cytoplasm of laryngeal cancer cells, indicating their effectiveness as a nanocarrier for DTX 

delivery. Then, we proceeded with the respective DTX cytotoxic studies on coated and uncoated 

nanoliposomes. We observed significantly higher cytotoxicity of DTX-loaded chitosomes towards 

human laryngeal cancer cells compared to fibroblasts and control treatments. Furthermore, no 

damage to human red blood cells was observed after 3 hours of exposure, supporting the potential 

for intra-arterial administration of our proposed delivery system. This study indicated the promise 

of DTX-loaded chitosomes for locoregional chemotherapy delivery to laryngeal cancer cells. 

 

This work is published in the International Journal of Molecular Sciences. 

Moya-Garcia, C. R., Li-Jessen, N. Y. K., & Tabrizian, M. (2023). Chitosomes Loaded with 

Docetaxel as a Promising Drug Delivery System to Laryngeal Cancer Cells: An In Vitro Cytotoxic 

Study. International Journal of Molecular Sciences, 24(12), 9902.  
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Chapter 4. First original article 

Chitosomes loaded with docetaxel as a promising drug delivery system to laryngeal cancer 

cells: An in vitro cytotoxic study. 

This manuscript was published in the International Journal of Molecular Sciences on the 8th of 

June 2023. DOI: doi.org/ 10.3390/ijms24129902 
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Abstract: Current delivery of chemotherapy, either intra-venous or intra-arterial, remains 

suboptimal for patients with head and neck tumors. The free form of chemotherapy drugs, as 

docetaxel, has non-specific tissue targeting and poor solubility in blood that deters treatment 

efficacy. Once reaching tumors, these drugs can also be easily washed away by the interstitial 

fluids. Liposomes have been used as nanocarriers to enhance docetaxel bioavailability. Yet, they 

are affected by potential interstitial dislodging due to insufficient intratumoral permeability and 

retention capabilities. Here, we developed and characterized docetaxel-loaded anionic 

nanoliposomes coated with a layer of mucoadhesive chitosan (chitosomes) for the application of 

chemotherapy drug delivery. Anionic liposomes had 99.4 ± 1.5 nm in diameter with a zeta potential 

of -26 ± 2.0 mV. The chitosan coating increased the liposome size to 120 ± 2.2 nm and the surface 
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charge to 24.8 ± 2.6 mV. Chitosomes formation was confirmed via FTIR spectroscopy and 

mucoadhesive analysis with anionic mucin dispersion. Blank liposomes and chitosomes showed 

no cytotoxic effect on human laryngeal stromal and cancer cells. Chitosomes were also 

internalized into the cytoplasm of human laryngeal cancer cells, indicating effective nanocarrier 

delivery. A higher cytotoxicity (p<0.05) of docetaxel-loaded chitosomes to human laryngeal 

cancer cells was observed compared to human stromal cells and control treatments. No hemolytic 

effect was observed on human red blood cells after 3h exposure, proving the proposed intra-arterial 

administration. Our in vitro results supported the potential of docetaxel-loaded chitosomes for 

locoregional chemotherapy delivery to laryngeal cancer cells. 

4.1 Introduction  

Head and neck cancer is one of the most aggressive cancers [1]. It is considered the sixth most 

common type of cancer [2], with more than 650,000 newly diagnosed head and neck cancer cases 

each year worldwide [3]. As a sub-type of head and neck cancer, laryngeal cancer has an annual 

incidence rate over 30% of the total number of head and neck cancers worldwide, second to oral 

cancer [4]. The 5-year survival rate of human papilloma virus-negative laryngeal cancer has been 

approximately 50% for the past three decades [1,5].  

Induction chemotherapy is the standard-of-care treatment for head and neck cancer [6, 7]. In 

particular, docetaxel (DTX) is one common chemotherapy drug in the treatment of head and neck 

cancer [8–10] that is delivered via systemic intravenous [6,7,11–13] or locoregional intra-arterial 

[14–16] routes. Either delivery route has its own pros and cons that undermine the expected 

benefits of chemotherapy. Systemic intravenous delivery provokes highly toxic deleterious effects 

throughout the body because the chemotherapy concentration is similar in the tumor site as that 

present in the whole body [6,7,11–13]. Remarkably, about 1% of the chemotherapeutics reach 

solid tumors via the systemic route [17,18]. 

Alternatively, locoregional intra-arterial chemotherapy was proposed to overcome such systemic 

toxicities by infusing the drug into tumor-supplying arteries, rather than circulating the 

chemotherapeutics systemically [14–16]. However, the intra-arterial delivery may still cause toxic 

extravasation damage in the surrounding tumor region [15,16]. New advances in immunotherapy 

have been proposed to directly inject a gelatin biomaterial loaded with immune checkpoint 
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blockade drugs into the tumor [19]. However, considering the unique structure and immune 

environment of the upper airway, only a very small volume of drugs can be injected without 

causing breathing obstruction [20–22]. As such, reducing the unwanted toxic damage from either 

intra-venous or intra-arterial induction chemotherapy remains a major challenge in head and neck 

cancer treatment.  

Nanocarriers have been proposed to protect chemotherapy drugs from early degradation and 

promote targeted delivery to the local tumor [23–25]. Among these nanocarriers, liposomes are 

FDA-approved drug vesicles with decreased dose concentrations providing a controlled and 

sustained drug release [25]. Liposomes are made of phospholipids and cholesterol [25,26] and 

have a similar phospholipid bilayer membrane as that of cells. Liposomes have been shown to 

protect lipophilic/water insoluble drugs, e.g., chemotherapy drugs such as DTX, from rapid 

degradation while they circulate the blood stream [26–29]. This feature can help the chemo drug 

to reach the tumor vasculature and reduce systemic toxicity [30–32] (Figure 4-1). 

 

Figure 4-1. Schematic representation of chitosan-coated liposomes, namely ‘chitosomes’, as chemo drug nanocarriers. 

(a) Components of docetaxel-loaded chitosomes. (b) Mucin-chitosome electrostatic interactions. (c) Encapsulated 

versus free drugs comparison in mucin-rich tumors. Figure created with BioRender.com. 
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Multiple steps are implemented to synthesize DTX-loaded “chitosomes”, i.e., liposomes coated 

with chitosan [38,47-49]. Lipid components are first dissolved in organic solvents as ethanol [49] 

or chloroform [38,47,48] with an extra step to load DTX. The use of ethanol as organic solvent in 

liposome synthesis has been reported to increase reproducibility of liposome particle size and 

polydispersity index compared to those using other solvents [50]. In addition, the molecular weight 

of chitosan influences its effectiveness as a coating agent for nanoparticles in the process of 

mucosal adsorption [51]. A lower molecular weight is preferable in order to enhance 

mucoadhesion and drug permeation [51]. Chitosan with molecular weights ranging from low (110 

KDa) [49] to high (10,000 KDa) [38] have been used to coat DTX-loaded liposomes. In addition, 

chitosan molecular weight lower than 4 KDa exhibits anti-tumor effects [52]. Therefore, based on 

a method previously used in our laboratory for one-step synthesis of liposomes [28], we used an 

ethanol injection method to fabricate our anionic liposomes coated with 1.5 KDa chitosan. 

While several studies have investigated the use of DTX-loaded chitosome in breast cancer 

[38,47,49], none have investigated the use of such a drug delivery system in head and neck cancer. 

Also, existing DTX-loaded chitosomes are primarily designed for oral ingestion or intravenous 

injection [53]. However, as mentioned above, systemic intravenous [6,7,11-13] leads to unwanted 

high toxicities and extravasation. Thus, we designed a novel chitosome formulation to benefit from 

recent locoregional treatment, e.g., the intra-arterial administration [14-16], with the aim of 

reducing high toxic locoregional damage in the laryngeal mucosae. 

In this study, we produced chitosomes and evaluated its applicability as nanocarriers of 

chemotherapy drugs for laryngeal cancer. We hypothesized that chitosomes would potentially 

circumvent chemotherapy drug solubility and attenuate the adverse side effects of systemic and 

locoregional chemotherapy deliveries. To demonstrate the feasibility of our approach, we first 

developed DTX-loaded chitosomes and performed a thorough physicochemical characterization, 

using nanoparticle tracking analysis and zeta potential measurements, FTIR spectroscopy, and 

electron and fluorescence microscopies. Then, mucoadhesive studies were performed by 

chitosome immersion in mucin-rich dispersions. In vitro studies were further performed to evaluate 

the DTX therapeutic effect on human vocal fold fibroblasts (HVFFs), laryngeal squamous cell 

carcinomas (LSCCs), and red blood cells.    
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4.2 Results and Discussion 

4.2.1. DTX-loaded chitosomes possessed the expected physical properties  

4.2.1.1. Size and surface charge analysis 

Nanoparticle tracking analysis of the non-coated and blank liposomes indicated a size of 99.4 ± 

1.5 nm for those nanocarriers (Figure 4-2a). Similar size (107 nm to 116 nm) and spherical 

morphology were also reported by Paun et al. [28] when the ethanol injection method was used 

for the fabrication of liposomes. Chitosan coating showed a significant increase in size of 

nanoliposomes from 99.4 ± 1.5 nm to 120 ± 3.1 nm (Figure 4-2a). Also, the polydispersity index 

(PDI) was below 0.2 denoting the consistent size distribution, which was similar to the 0.17 PDI 

(~140 nm) reported by Zafar et al. [49]. Ethanol injection method has been reported to provide 

more reproducible size in comparison to thin-film synthesis. Chitosome studies using chloroform 

as organic solvent yielded nano-liposomes with the PDI values ranging from 0.18 to 0.33 PDI (~90 

nm) [38] and from 0.22 to 0.41 PDI (~240 nm) [47]. 

The chitosan coating was designed to create a positively-charged mucoadhesive surface on the 

liposomes to allow electrostatic interactions with the mucosal epithelial layer of the larynx. The 

shift in polarity from negative to positive was noted in anionic liposomes after the chitosan coating 

[23,40,47]. Further, our results showed that zeta potential shifted from -26 ± 2 mV for the blank 

liposomes to -8.5 mV immediately after the addition of 10 μL chitosan solution to liposomal 

dispersion. The addition of more chitosan solution, i.e., from 110 μL to 170 μL (0.4 to 0.7 mg/mL 

of chitosan), stabilized the surface charge of blank chitosome at 24.8 ± 2.6 mV and 28 ± 2 mV for 

DTX-loaded chitosomes (Figure 4-2a). For the zeta potential measurements, 130 μL of chitosan 

solution with a concentration of 0.5 mg/mL was used. The zeta value is an important parameter to 

take into consideration when developing nanoparticles, since it provides information about the 

colloidal stability and prone-to-aggregation of nanoparticles in suspension [54]. When zeta 

potential values exceed 25 mV, whether positive or negative, they provide repulsive forces for 

better dispersion of drug-loaded nanocarriers, and thus, for more efficient delivery of their cargo 

[55,56]. Our zeta values for both blank liposomes and chitosomes were higher than 20 mV, which 

confirms the colloidal stability of our nanocarriers.  



 

 

 105  

 

The loading of the drug into chitosomes has changed the size and charge of liposo-mal systems. 

Compared to blank liposomes (99.4 ± 1.5 nm) and blank chitosomes (120 ± 3 nm), the drug loading 

significantly increased the nanocarrier size (DTX-loaded liposomes = 118 ± 1.4 nm; DTX-loaded 

chitosomes = 130.4 ± 0.9 nm) as expected. DTX-loaded chito-some and control groups (DTX-

loaded liposome, blank chitosome, and blank liposome) showed a roughly spherical structure 

ranging from 120 nm to 150 nm in diameters ac-cording to transmission electron micrographs 

(Figure 4-2b), which corroborate with the size on these nanoparticles recorded by nanoparticle 

tracking analysis. 

As expected, the addition of chitosan shifted the negative zeta potential values from - 27 mV for 

non-coated liposome groups to + 28 mV for chitosan-coated liposome groups (Figure 4-2a). To 

investigate the stability of the nanoliposomes, we further performed a 35-day stability evaluation 

on blank liposomes and chitosomes as well as their DTX-loaded versions. All groups maintained 

their baseline size for the first 28 days (***p<0.001) (Figure 4-2c). However, the zeta values 

showed differentiated trends across groups from day 1 to day 35. In particular, both DTX-loaded 

and blank chitosome groups showed significantly decreased in magnitude of the zeta values at day 

35 (Figure 4-2d) (****p<0.0001). The decrease in zeta values of chitosome might be resulted 

from partial degradation of the chitosan coating. In contrast, the increased zeta values in blank 

liposomes may be resulted from the oxidation/hydrolysis of phospholipidic membrane of the 

liposomes. The blank, non-coated liposomes may become fused over extended time, resulting in 

an increase in zeta value [57].  

Chitosomes’ physical properties are key for the rational nanocarrier design, like sizes of 100 to 

200 nm, tackling the enhanced permeability and retention effect [18]. When the lipoid S75 and 

S100 were used, chitosan coating has shown to increase the size of non-coated liposomes up to 

18% [47]. In our case, the change in size of non-coated lipo-somes was about 10%, which may be 

due to the variation in anionic liposomal formula-tion. Nevertheless, this size is within the 

nanocarrier diameter ranges (100-200 nm) for proper circulating performance in the tumor 

vasculature [58]. The DTX-induced increases in size and in charge are consistent with those 

previously reported for chitosomes loaded with docetaxel (100-150 nm in size [43] and 29.8 ± 2.4 

mV in surface charge [23]). Since in some of our investigations as described in section 2.3.2, we 
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used fluorescently labelled liposomes and chitosomes, we also measured their size and zeta 

potential, but the difference was not significant compared to unlabelled nanocarriers. 

Figure 4-2. Size and charge of the blank and DTX-loaded liposomes coated with chitosan analyzed at neutral pH. (a) 

Optimized size and phase analysis light scattering plots of the blank and DTX-loaded liposomes coated with chitosan. 
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Chitosan concentration was calculated using the C1V1 = C2V2 dilution formula as (6mg/mL chitosan 

concentration)(10μL chitosan volume) = C2(1.5mL liposomal suspension). (b) Morphology of the blank and DTX-

loaded liposomes coated with chitosan via TEM. Scale bar = 50nm. The changes in size and charge of the DTX-loaded 

chitosomes were significant in comparison to all blank groups (c) Stability test at 37°C of DTX-loaded liposomal 

formulation. (d) Zeta potential of the DTX-loaded non-coated and coated liposomes after 5 weeks under 37°C and 5% 

CO2. Size and zeta potential data are reported as mean ± SE and mean ± SD, respectively.  

4.2.2. Chitosan-coating showed improved mucoadhesiveness and drug release profile of liposomes 

4.2.2.1. FTIR spectroscopy 

FTIR analysis was performed to characterize the chemical composition of the chitosomes. The 

chitosan coating on DTX-loaded liposomes was confirmed by the presence of the peaks at 753 cm-

1 and 893 cm-1 corresponding to N-H bending and to the glycosidic C-O-C stretching of chitosan, 

respectively [59], which were absent in the blank liposome controls (Figure 4-3, Table 4-1). Blank 

liposomes spectrum was characterized by a peak at 1740 cm-1, representative of the C=O 

stretching of the ester bond of lipid components, which links the head group to the fatty acid tail 

of the phospholipids. Lipid-related peaks were also detected at 2800 cm-1 corresponding to CH2 

symmetric stretch, and at 3400 cm-1 for the O-H and N-H stretching. The peak at 528 cm-1 was 

associated with the P-O asymmetrical bending of the PO4−3 molecule found in phospholipids 

[60]. The decrease in these peak intensities also confirmed a successful chitosan coating on 

liposomes. The DTX encapsulation in blank liposomes was also confirmed by the presence of a 

peak at 710cm-1, a fingerprint of the N-H bending of benzamide in the drug [61,62] (Figure 4-3, 

Table 4-1). 
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Figure 4-3. FTIR spectra of blank and DTX-loaded chitosomes. (a) FTIR spectra. Chemical fingerprint confirmation 

of chitosan presence and DTX loading on the liposomes.  

Table 4-1. Identification of characteristic peaks of chitosomes compared to their constituent (controls) in their 

respective FTIR spectra. 

Wavenumber (cm-1) Vibrational mode Biomolecular attributions 

528 P-O asymmetrical bending Phospholipids (PO4
−3 molecule) 

710 Benzamide N-H bending Docetaxel 

753 N-H bending Chitosan 

893 Glycosidic C-O-C stretching Chitosan 

1740 C=O stretching Lipids 

2800 CH2 stretching Lipids 

3400 O-H and N-H stretching Lipids 
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4.2.2.2. Mucoadhesive studies 

Results from the turbidity and surface charge tests confirmed the mucoadhesive properties of 

chitosan coating (Figure 4-4a-c). Chitosomes were exposed to mucin 1 originated from bovine 

submaxillary gland up to 3 hours. Submandibular gland mucosal environment has sero-mucinous 

similarities as that of the larynx [63]. Turbidity results showed an increased interaction between 

the mucin suspension and the chitosomes in comparison to the non-coated group recorded by an 

increased absorbance of the 2 h (***p<0.001) and 3 h (****p<0.0001) (Figure 4-4b). Similar 

turbidity trend was reported by Yamazoe et al. [64] with their system consisting of elcatonin-

loaded chitosomes and the elcatonin-loaded liposomes. 

The surface charge also decreased from 29.1 ± 3.3 mV to -16 ± 4.20 mV (****p<0.0001) in the 

DTX-loaded chitosomes after mucin exposure (Figure 4-4c). This positive-to-negative switch can 

be explained by the hydrophobic and hydrogen bonding as well as the electro-static and ionic 

interactions between the cationic chitosan coating and the anionic mucus suspension [64,65]. No 

significant changes in turbidity and surface charge were noted in the non-coated and blank 

liposomes, assumably owning to the anionic and repulsive interactions between anionic liposomal 

surface and mucin dispersion. 

Mucoadhesive behavior of the DTX-loaded chitosomes may relate to increase the interstitial 

retention in the mucin-dominant tumors, as that found in the larynx [66]. The interactions between 

chitosomes and mucins are crucial for the intended use of these liposomal-based nanocarriers in 

head and neck cancers. Mucins, which are glycosylated proteins produced by epithelial cells to 

form mucus, are highly secreted by the head and neck squamous cell carcinomas [67,68] as LSCCs 

[66]. Particularly, overexpression of Mucin-1 was associated to worse prognosis in head and neck 

cancer [66–68]. 
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Figure 4-4. Mucoadhesive studies of DTX-loaded chitosomes. (a) Qualitative observation of turbidity as a result of 

the interaction between chitosomes or liposomes and mucin dispersion. Individual representative samples of DTX-

loaded groups were chosen to properly visualize the turbidity of the samples. (b) Turbidity as a function of 

mucoadhesive behavior between chitosomes or liposomes and mucin at 500nm absorbance reading. (c) Zeta potential 

measurements of chitosomes or liposomes after mucin suspension exposure. Chitosomes’ mucoadhesive behavior was 

confirmed in mucin-contained dispersion after 3 h immersion. 

4.2.2.3. DTX entrapment and release studies 

DTX entrapment efficiency in chitosomes was 82.6 ± 3.6% with regards to the DTX 

standardization curve (Figure 4-5a-b). As the chitosan coating was performed after the 

simultaneous fabrication and DTX loading of the liposomes, no significant difference was found 

in drug entrapment efficiency with non-coated liposomes (79.9 ± 3.1%). This entrapment 

efficiency was similar to those reported in other water insoluble drug encapsulation, such as copper 

(II) diethyldithiocarbamate [28]. 

The DTX solution release of ~80% from the dialysis membrane was similar to that reported by 

Sinhg et al. (2019) after 12h [44] (Figure 4-5c). Our results confirmed that the DTX release was 

a

b c

3 h2 h1 h

Chitosomes

3 h1 h 2 h

Liposomes
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slower from the chitosomes than from the non-coated liposomes (Figure 4-5c-d). Both liposome 

groups showed a first-order DTX release profile as in previous reports [69]. As opposed to non-

coated anionic liposomes, DTX release from chitosomes was expected to be prolonged due to the 

coating, in which providing an external physical barrier enveloping the liposomes [47,70]. 

Our results also revealed the effect of physiological environment on the drug retention. Exposing 

the liposomes and chitosomes to a release medium disrupted the liposomal bilayer, which resulted 

in a DTX escape from the nanocarriers. The incorporation of DSPC, cholesterol and DSPE into 

the liposomal formulation seemed to stabilize the liposomal membrane for DTX retention and 

release kinetics [71]. In addition, the DTX entrapment within the liposomal membrane might also 

help stabilize the bilayer by occluding the pores of the liposomal membrane. An increase drug 

retention of about ~12% on the coated group was observed compared to non-coated liposomes 

(18%) at 12-hour (Figure 4-5c). An increased drug retention of ~11% after 7 hours was noted for 

DTX-loaded liposomes coated with Eudragit, which is a cationic methacrylic acid-based polymer, 

com-pared to the non-coated liposomes [70]. Similarly, the DTX release from drug-loaded 

chitosomes was 20% lower after 24 hours at physiological pH 7 [38]. No longer time points were 

analyzed in these studies compared to ours where we investigated DTX released up to 28 days 

(Figure 4-5d). Furthermore, less than 40% of DTX was retained in the liposomal formulations 

after 72h (Figure 4-5d). This finding corroborates with a study where a similar phospholipid 

constituents was tested on breast cancer cells, and a DTX retention greater than 40% was obtained 

after 72h [72]. Nevertheless, our results indicate that the therapeutic window of our lipid 

nanocarriers would be up to day 3 after their local administration in the laryngeal mucosae of 

patients. 
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Figure 4-5. Drug release of DTX-loaded liposomes and chitosomes. (a) DTX standardization curve (Absorbance at 

230 nm). (b) Docetaxel entrapment was about 81.9 ± 5.3% encapsulation efficacy after analysing the amount of the 

drug-released in supernatants. Drug release profile up to (c) 12 h and (d) 28 days. 

 

4.2.3. Docetaxel-loaded chitosomes showed higher toxicity to cancer cells than healthy stromal 

and blood cells 

4.2.3.1. HVFFs and LSCCs viability  

In vitro cell viability analysis conducted with both liposomal and chitosomal nanocarriers without 

DXT showed no noticeable cytotoxicity to HVFFs and LSCCs up to 3 days (Figure 4-6a-c). 

Quantitative MTT assay confirmed no significance difference in cell viability on HVFFs and 

LSCCs in the absence of nanocarriers (Figure 4-6d). Using non-treated cells as a control group 

and setting their viability at 100% (*p>0.5) [73], we found that >95% of the HVFFs and LSCCs 

remained viable after exposure to nanocarriers, confirming the biocompatibility of chitosomes. 

a

b

c

d

R2=0.99
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Figure 4-6. Blank liposome and chitosome effects on HVFFs and LSCCs. (a) Blank liposomes, (b) blank chitosomes, 

and (c) non-treated confluent control (Day 0). (d) MTT assay on the effect of blank liposomes and blank chitosomes 

on HVFFs and LSCCs. Non-treated HVFFs and LSCCs were set as the reference of 100% cell viability from 

confluency at Day 0. No significance difference was noticed among groups and culture time. Scale bar = 30µm. 

4.2.3.2. Chitosome uptake by LSCCs 

The chitosome uptake was observed in LSCCs during the first 4 hours of exposure (Figure 4-7), 

a timeframe very similar to other cell lines such as gastric and endothelial cells [43]. The EGFR 

staining on LSCCs surface showed an accumulation of nanocarrier within LSCCs, which serve as 

a spatial reference of the nanocarrier internalization (Figure 4-7a). The colocalization of 

chitosomes with lysosome/endosome was also observed in LSCCs (Figure 4-7b), indicating that 

the nanocarriers in endosomal compartment would disintegrate within its acidic environment. 

Overall, the cationic coating from chitosan seemed to result in more accumulation of nanocarriers 

in cancer cells. The electrostatic interaction of cationic nanocarriers with anionic cellular 

membrane may contribute to the following endocytosis [74]. Also, the ionisable/cationic chitosan 
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coating on anionic liposomes may provide an acid-dependent permeability for the diffusion of 

DTX entrapped after liposomal uptake by cells, leading to more effective drug release [38]. 

Figure 4-7. Chitosomes uptake by LSCCs. (a) Internalization of chitosomes after 0.5 hours and 2 hours of treatment 

respectively (bright orange, merged FITC/Liss Rhod PE). Immunofluorescence staining of cell membrane via EGFR 

(red) and DAPI as counterstaining was performed to visualize internal nanocarrier accumulation. Scale bar = 2µm. (b) 

Colocalization of chitosomes and endosomes/lysosomes immediately after a 4-hour chitosome exposure. The LSCC 

colony fluoresce showed the internalization of the FITC-labelled chitosomes via Blue Lysotracker. Scale bar = 10µm. 

4.2.3.3. Docetaxel-loaded chitosome effectively reduces the LSCC and HVFF colony formation  

From the LIVE/DEAD staining, LSCC and HVFF colony formation was reduced with increasing 

DTX concentration up to 10 µM after 3-day culture, in comparison to untreated confluent control 

(Figure 4-6c). To further verify DTX alone cytotoxicity on HVFFs and LSCCs, the MTT assay 

showed a decreasing trend in cell viability with increasing the DTX dose from 100 nM to 10 µM 

(Figure 4-8a-c). Based on IC50 dose-response curve as half maximal inhibitory drug 

concentration (Figure 4-8c), 1 µM (10-6) of DTX dose was sufficient to provide desired 

therapeutic effect on these cells after 3-day DTX exposure. As such, 1 µM DTX was used on 

consecutive cytotoxic analyses. 
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Figure 4-8. Docetaxel dose response of (a) LSCCs and (b) HVFFs. (c) MTT cytotoxicity assay of DTX on HVFFs 

and LSCCs after 3 days to determine IC50 inhibitor versus normalized response. A decreasing trend in LSCCs and 

HVFFs viability was noted with increasing molarity dose of DTX. Green = Live cells. Bright orange = Dead cells. 

Scale bar = 50µm 

We further evaluated DTX cytotoxicity on LSCC and HVFFS for seven days. Increased cell death 

was observed on the LSCCs and HVFFs exposed to both DTX-loaded groups (Figure 4-9a) in 

comparison to non-treated controls (Figure 4-6c). Consequently, the quantitative decreasing trend 

in cell viability was also noted in cell-based MTT and supernatant-based LDH assays among all 

groups (Figure 4-9c-d). After day 3, the LSCC viability of the DTX-loaded chitosome group was 

below the IC50 threshold (~38% viability), whereas controls of DTX alone and DTX-loaded 

liposome exhibited ~50% and ~44% cell viability respectively. At day 7, DTX-loaded chitosome 

group showed significant difference in cancer cell death compared to DTX-loaded liposomes with 

~8% increase (*p<0.05) and the DTX alone group with ~17% increase (****p< 0.0001). However, 

at day 7, HVFF viability remained above 20% after the exposure of the three treatments. 

Cancer cells are known to form colonization especially during metastasis [75]. The biological 

activity of DTX-loaded chitosomes was further validated via colony formation analysis. Colony 

observation consisted of macroscopic staining using crystal violet (Figure 4-10a-c) and 

microscopic immunostaining of the cytoskeleton with β-tubulin III (ALEXA488/TUBIII) and 

counterstaining (DAPI) (Figure 4-10d-f). Such reductions support-ed the results described in 

Figure 4-9. Nevertheless, macroscopic crystal violet (Figure 4-10a-b) and microscopic 

immunostaining (Figure 4-10d-e) related experiments confirmed that DTX-loaded chitosomes 

inhibited the LSCC growth and proliferation after the 7-day study. In detail, absorbance at 590nm 
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measurements showed less clonogenic activity after 7-day treatment of DTX-loaded chitosomes 

(*p<0.05) compared to controls (Figure 4-10c). Nuclei counting also showed a decrease of cell 

number in LSCC colonies after DTX-loaded chitosome exposure (*p<0.05) compared to controls 

(Figure 4-10f). Further, the morphology of liposomes, i.e., round shape and ~100 nm size, is 

known to favor cellular intake and drug internalization [17,30–33,76]. To verify liposome’s 

capacity of sustained drug re-lease, cytotoxicity was compared between the groups of DTX-loaded 

liposomes and DTX-alone over an extended 7 days of experiment. As expected, the DTX-loaded 

anionic liposome group showed significantly more cell death (i.e., cytotoxicity) (*p<0.05, Figure 

4-10) over the course of the study, which confirmed the benefit of liposomes in anti-cancer 

therapeutics. 

Figure 4-9. DTX-loaded chitosome effects on the viability of LSCCs and HVFFs. (a) Therapeutic exposures on 

LSCCs and HVFFs up to 7 days via LIVE/DEAD staining. Live cells fluoresce green, whereas dead cells fluoresce 

bright orange. Scale bar = 15µm. (b) MTT assay (c) LDH assay of the quantitative effect up to 7-day DTX exposure 
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on LSCCs and HVFFs. Cell viability was noted to reduce in the DTX alone and DTX encapsulated groups after the 

7-day study. 

 

 

Figure 4-10. DTX-loaded chitosome effects on the colony formation of LSCC. (a), (b) Clonogenic assay via crystal 

violet staining. (c) Quantitative measurement of the crystal violet for clonogenic assessment at 590 nm absorbance. 

(d), (e) Colony observation of cytoskeleton via spot detection algorithm on DAPI channel. A decreasing trend in 

cancer colony size was observed following DTX alone and DTX encapsulated groups up to 7 days. 

4.2.3.4. Chitosome did not induce hemolysis of human red blood cells 

For intra-arterial locoregional delivery, the nanocarriers will inevitably interact with blood cells in 

the blood stream. It is thus imperative to assess the chitosome cytotoxicity in blood cells beside 

tumor and stromal cells. Hemolysis is defined by decomposition of blood cell membrane and 

hemoglobin release resulting in a red tint of solution. Released hemoglobin after oxidation 

becomes methemoglobin and then cyanmethemoglobin [65]. After 3h exposure of red blood cells 
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to DTX concentration of 1 μM in DTX-loaded nanocarrier, the observed hemolysis was less than 

5%, indicating non-hemolytic behavior of DTX-loaded chitosome and other liposomal 

formulations of these nanocarriers (Figure 4-11). According to the American Society for Testing 

and Materials International (ASTM 2013), a value greater than 5%, a compound is considered 

hemolytic to red blood cells [65]. These result thus, together, prove that our drug delivery system 

is considered as non-hemolytic and suitable for intra-arterial administration. However, compared 

to non-coated lipid nanocarriers, chitosan-coated lipid nanocarriers have been reported to provide 

increased antiangiogenic effect as show in a chick embryo chorioallantoic membrane assay [49]. 

We anticipate a similar antiangiogenic behavior for our proposed chito-some nanocarriers. 

 

Figure 4-11. Hemolytic Analysis of DTX-loaded chitosomes up to 3h exposure. The hemolytic response was 

measured by the intensity of the red color in assay tubes. Absorbance of hemolytic effect of DTX-loaded chitosomes. 

Hemolysis of red blood cells was less than 5% indicating non-hemolytic behavior of either the DTX-loaded or blank 

liposomal and chitosomal formulations. Percentage over 5% is considered as hemolytic (ASTM 2013) [67]. 
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Chitosan coating on drug-loaded liposomes has shown to increase cytotoxicity in terms of cancer 

cell death [23,24,38,39,43,47]. This is likely because the chitosan coating improves the 

mucoadhesive and permeability and retention properties of nanoliposomes. This would explain the 

increased DTX-loaded chitosomes cytotoxic effect towards LSCCs compared to DTX-loaded 

liposomes. Alongside the desired in vitro cytotoxicity towards LSCCs without compromising the 

viability of stromal cells, chitosomes showed no hemolytic effects on LSCCs and HVFFs. 

Despite promising in vitro results, further preclinical investigation of the DTX-loaded chitosomes 

is still needed for the translational pipeline of this drug delivery system. For instance, in vivo 

experiments for laryngeal cancer may not be fully representative models because subcutaneous 

injection is used to induce carcinogenesis in flanks [77] or armpits [78] of mice instead of the 

laryngeal anatomical site, which may cause the subject to suffocate. For this reason, the 

implementation of advanced in vitro models that closely mimic in vivo conditions such as those 

found in the head and neck, are required to evaluate the translation potential of chitosomes prior 

to designing the in vivo experiments [1]. 

4.3 Materials and Methods 

4.3.1. Materials 

The Docetaxel (cat. # PHR1883), cholesterol (cat. # C8667), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC, cat. # 850365P), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]-ammonium salt (DSPE-PEG2000, cat. # 880120P), Liss 

Rhod PE (cat. # 810150P) and mucin from bovine submaxillary gland (cat. # M3895) from bovine 

submaxillary gland, human laryngeal cancer cell line (LSCC, cat. # UM-SCC-17A), FITC, UV-

transparent 96 well plates, T-75 flasks, Dulbecco's modified Eagle's medium (DMEM), Fetal 

Bovine Serum (FBS), non-essential amino-acid, penicillin/streptomycin, and 

cyanmethemoglobin/Drabkin’s reagent were purchased from Millipore-Sigma (Burlington, MA, 

USA). Chitosan (cat. # 150597) with molecular weight of 1526.464 g/mol was purchased from 

MP Biomedicals. Dialysis membranes of 3.5-5kDa (cat. # 131204T) and 12-14kDa (cat. # 

132703T) were purchased from Spectrum Chemical Mfg. Corp. (California, USA). The human 

vocal fold fibroblast immortalized cell line (HVFF) and 8-chamber culture slides (cat. # 154534 

Lab-Tek®II) were obtained from University of Wisconsin-Madison (Madison, WI, USA) and 

Fisher Scientific (Ontario, Canada) respectively. Human red blood cells (cat. # IWB3ALS40ML) 
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were purchased from Innovation Research (Novi, MI, USA) and were used for hemolysis studies. 

LIVE/DEAD staining (cat. # L3224), MTT assay (cat. # V13154), and Blue LysoTracker (cat. # 

L7525) and cell dissociation reagent TrypLE (cat. # 12604013) were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Crystal violet (cat. # C581-25) was bought from Fisher 

Scientific. LDH assay (cat. # ab65393), ALEXA647/EGFR (cat. # ab192982), 

ALEXA488/TUBIII (cat. # ab195879), and DAPI (cat. # ab228549), from Abcam (Cambridge, 

UK) were used to visualize cell membrane, cytoskeleton, and nucleus respectively. Trypan blue 

(cat. # 10702404) from Invitrogen (Waltham, MA, USA) was used for cell counting.  

4.3.2. Fabrication of liposomes 

Liposomal drug encapsulation is influenced by the phase transition temperatures (Tm) of the 

constituent phospholipids [79]. Phospholipids have specific Tm [71,79]. A Tm over the 

physiological temperature may be logically preferred for prolonged liposomal stabilization once 

inside the body. For instance, the 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) has a 

Tm≈55°C [71]. This Tm above the physiological temperature was found to have a greater drug 

encapsulation efficacy in comparison to Tm  lower than 37ºC [79]. In addition, PEG grafting is a 

common approach in designing liposomal-based drug delivery systems. The reason behind the 

strategy for using PEGylated lipids such as amphiphilic polymer consisting of hydrophilic 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-

PEG2000), that has a Tm≈74°C [71] ensuring longer liposomal stabilization in body [79].  

In contrast to previously reported DTX-loaded chitosome synthesis [23,24,38,39,43,47,49,53], our 

methodology modified a one-step liposome synthesis previously used in our laboratory [28], and 

DTX-loaded liposomes [72,80]. Briefly, DSPC, DSPE-PEG2000 and cholesterol with a molar 

ratio of 2/0.18/1 were dissolved in 2 mL of 100% ethanol by gentle stirring. For fluorescence 

microscopy visualization, 0.1 mg of Liss Rhod PE (orange colour) was added to the liposomal 

formulation.  

For DTX loading, the formulation was heated at 50°C for 5 min. Ethanol injection was performed 

by pouring the lipid dispersion into a flask with 300 mL of MilliQ-water during 1200 rpm stirring. 

After 5 min stirring, the formulation was filtered using a coarse paper filter, and the solvent was 

removed by rotatory evaporation. The mixtures were dialyzed using 12-14 kDa membranes at 
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room temperature for 30 minutes against the 0.5% Tween 80 (pH 7.4) to remove free DTX from 

the DTX-loaded liposomes [81]. The liposomal dispersion was then stored at 4°C until use.  

4.3.3. Fabrication of chitosomes 

Firstly, 1.8 g of chitosan and 3 mL of 0.06 M HCL were added to 300 mL of MilliQ-water (6 

mg/mL) [82]. The solution was stirred in a fume hood until the chitosan was completely dissolved. 

The chitosan solution was then filtered, and the pH was adjusted to 5 using 1 M NaHCO3 to 

protonate the amine groups in chitosan and obtain a polycationic behavior. The solution was again 

filtered by two successive filtration processes using 0.45 µm and 0.22 µm filters. 

A volume of 0 µL to 170 µL chitosan solution were then added to 1.5 mL of either the DTX-loaded 

liposomal or blank liposomal dispersion and sonicated in a water-bath for 15 min (Figure 3-12). 

In detail, nine increasing concentrations from 0.4, 0.12, 0.2, 0.28, 0.36, 0.44, 0.52, 0.6, to 0.68 

mg/mL of chitosan solution were used. Similar to non-coated liposomes loaded with DTX, the 

mixtures were dialyzed using 3.5-5 kDa membranes at room temperature for 30 minutes against 

the 0.5% Tween 80 (pH 7.4) to separate free chitosan from the liposomes. To obtain the fluorescent 

version of the chitosomes, Liss Rhod PE-liposomes and FITC-tagged chitosan (green colour) was 

used for coating on liposome. The chitosome formulation was then stored at 4ºC until use, or at 

37°C for stability studies.  

 

Figure 4-12. Schematic representation of DTX-loaded liposome and chitosome fabrication. Figure created with 

BioRender.com. 
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4.3.4. Size and Zeta potential analyses of chitosomes  

10 µL of liposomal dispersion were placed in a 1.5 mL eppendorf tube containing 1 mL of MilliQ-

water (pH = 7). After vortexing for 30 s, 1 mL of the dispersion (1:5000) was analysed by 

Nanoparticle Tracking Analysis (NTA, Nanosight NS300, UK) using a 640 nm laser, at T=25°C. 

Polydispersity index (PDI) was calculated by equation 1. 

PDI = (
standard deviation

mean size
)

2

    (1) 

For Zeta potential measurements, 1.5 mL of the chitosome formulation (1:10) in distilled water 

was analyzed using a ZetaPALS zeta potential analyzer (Brookhaven Instruments Corp., USA). 

Stability of chitosome formulation was assessed at 37°C and 5% CO2 atmosphere for freshly 

prepared chitosomes and after 5 weeks of storage. 

3.3.5. Transmission electron microscopy of chitosomes 

The morphology of DTX-loaded chitosomes was examined by transmission electron microscope 

(TEM). 10 µL of DTX-loaded chitosome and liposome samples was placed on a carbon-coated 

copper grid. The negatively staining was performed on the formed thin film of samples on the grid 

by adding 2% filtered uranyl acetate (w/v) (pH 7.00). TEM images of samples were acquired using 

the Tecnai G2 F20 TEM (Hillsboro, USA) at a voltage of 120 kV. 

4.3.6. FTIR characterization of chitosomes   

FTIR spectra was acquired in transmission mode using a Spectrum II (PerkinElmer Inc, USA) 

spectrophotometer equipped with an Attenuated Total Reflection module, single bounce diamond 

crystal, and Spectrum software. Standard FTIR settings such as room-temperature, LiTaO3 

(lithium tantalate) MIR detector, unique humidity shield design (OpticsGuardTM) system, Pearl 

Liquid Analyser – liquid transmission accessory, and ZnSe 200 µm windows were used for 

acquiring the spectra. The spectral resolution was at 4 cm−1 within a 4000–600 cm−1 range with 

background clearance. A total 128 scans were averaged for each testing sample. Baseline 

correction and atmospheric compensation was applied to all spectra. 
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4.3.7. Mucoadhesive behavior of chitosomes   

Mucin-1 from bovine submaxillary gland was used to assess the mucoadhesive behavior of 

chitosomes compared to control blank liposomes. The mucin powder was suspended and stirred 

in 100 mM acetate buffer at a 0.5 mg/mL concentration, pH 4.4 overnight [64,65]. The mucin 

suspension was then centrifuged at 13,500 rpm for 20 min at 4°C. The supernatant was filtered 

through a 0.22 µm filter. A 1.5 mL aliquot of the mucin suspension was placed in a centrifuge 

tube, and then chitosomes and liposomes (1:10) were added into each corresponding individual 

tube and vortexed. The suspensions were then incubated for 1, 2, and 3 hours at 37°C. The turbidity 

of the suspension was measured using the Spectramax i3 plate reader (Molecular Devices, San 

Jose, CA, USA) at 500 nm along with recording the zeta potential for changes in surface charge 

after another water washing, centrifugation, and filtration steps. 

 

4.3.8. Drug entrapment efficiency and release of chitosomes   

The absorbance of DTX was first calibrated for different DTX concentrations using the 

Spectramax i3 plate reader at λ = 230 nm. To quantify the DTX entrapment efficiency, the 

nanocarriers supernatant containing unloaded drug was collected and diluted at various 

concentrations in 1×PBS and centrifuged at 2000 RCF for 5min to remove aggregates [28]. 

Samples were placed in UV-transparent 96 well plates and the absorbance of DTX at λ = 230 nm 

was recorded using the above-mentioned plate reader. The entrapment efficiency (EE) was then 

calculated according to the following equation (2).  

EE(%) =
concentration of DTX detected in release medium (µg/mL)

concentration of DTX added initially into chitosomes (µg/mL)
× 100 (2) 

For DTX release kinetic analysis, 2 mL of liposomal suspensions and 1 mg DTX solution were 

dialyzed using 12-14kDa membranes and poured into 400 mL of release medium containing 0.5% 

Tween 80 (pH 7.4) at 37°C [44]. The release profile of DTX was assessed after 0.5, 1, 2, 4, and 12 

hours as well as after 1, 1.5, 3, 7, 14, and 28 days at 37°C. Cumulative release of DTX from 

chitosomes was then calculated as the percentage of DTX released at each time point compared to 

the amount encapsulated initially. 
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4.3.9. HVFFs and LSCCs culture protocol  

Two cell lines were used for this study: (i) A non-chemoresistant human laryngeal cancer cell line 

(LSCC) isolated from primary laryngeal carcinoma located at the supraglottis in T2 or T3 stage 

assumable [83,84] of a 48-year-old female patient who did not benefit from radiotherapy; and (ii) 

a human vocal fold fibroblast (HVFF) immortalized cell line [85] (between passages 3 and 5) 

representing stromal cells in the laryngeal tumor. Both cell lines were grown in LSCC complete 

media consisting of high glucose DMEM, 10% FBS, 1% non-essential amino-acids and 1% 

penicillin/streptomycin in a humidified atmosphere of 5% CO2 at 37°C. After reaching 70-80% 

confluency in T-75 flasks at passage 3 to 5, cells were cultured in fresh Free-FBS media for 1 day 

to synchronize cell cycle, and were then harvested using TrypLE for 5 min. After adding LSCC 

media, cells were counted by a hemocytometer before being centrifuged at 900 rpm for 5 min. 

Media was discarded and cells were resuspended in fresh LSCC media with a working 

concentration of 1 × 106 cells/mL. 

4.3.10. HVFFs and LSCCs viability analyses of liposomes and chitosomes  

HVFFs and LSCCs viability assay was performed with approximately 1 × 104 cells seeded 

separately on 8-chamber slides. After reaching 100% confluency at Day 0 [86], non-drug loaded 

chitosomal and control liposomal dispersions were added to the culture media at a concentration 

(1/1000) [87]. At 1 and 3-day time points, cells were washed with 1x PBS before being stained, 

using a LIVE/DEAD viability/cytotoxicity assay kit following the manufacturer's instructions. The 

slides were incubated for 30 min in darkness at room temperature before being washed twice with 

1x PBS. An inverted fluorescence microscope (Axiovert3, Zeiss, Germany) with a 10× objective 

was used to acquire cell images stained with FITC (LIVE, green) and Cy3 (DEAD, red/orange). 

Cells were considered as dead if LIVE/DEAD staining signals overlapped [22].   

MTT analysis was also carried out to obtain quantitative data on cell viability. For this assay, about 

5 × 103 cells were seeded in individual 96 well plates. A Spectramax i3 plate reader was used to 

determine the absorbance of MTT at λ = 570 nm. Percentage of cell viability was calculated using 

equation (3).  

Cell viability(%) =
Non−treated control − treated cells

Non−treated control
× 100           (3) 
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4.3.11. Chitosome uptake by LSCCs 

FITC-labelled chitosan was used to coat the Liss Rhod PE-liposomes as described in section 2.3. 

Approximately 1 × 104 LSCCs were seeded on 8-chamber slides and incubated with docetaxel-

loaded FITC-labelled chitosomes and non-coated liposomal formulation (control) up to 4 h [88] 

with concentration (1/1000) [87]. The LSCCs chitosomal uptake was analyzed after 0.5- and 2-

hours incubation via immunostaining following 4-hour inspection via cell tracker staining. 

ALEXA647/EGFR for cell membrane staining and DAPI as counterstaining along with Blue 

LysoTracker for lysosome staining were used to track the internalization of chitosomes 

lysosomes/endosomes. The immunostaining procedure was performed following the 

manufacturer’s guidelines. The cells were then imaged with 40x and 63x magnification using the 

Zeiss Axiover3 (Zeiss, Germany) and retrieved using Imaris version 9.5.1 Software (Bitplane, 

South Windsor, CT). 

4.3.12. DTX-loaded chitosome effect on LSCCs 

To determine the therapeutic effect of DTX on LSCCs, first toxic effect of 100 nM, 500 nM, 1 µM 

and 10 µM DTX alone was assessed on HVFFs and LSCCs after 3 days via LIVE/DEAD staining, 

MTT analysis, and LDH assay. LSCCs were then exposed to DTX-loaded chitosomes up to 7 days. 

Approximately 1 × 104 cells were seeded on 8-chamber slides. After reaching 100% cell 

confluency, 1 µM DTX-loaded liposomal or chitosomal dispersions were added to the culture 

media at a 1/1000 dilution [87] in each of the slide’s chambers. 1 µM DTX addition alone to cells 

was used as control. DTX formulation cytotoxicity was then investigated at day 1, 3, 5, and 7 by 

LIVE/DEAD assay. Furthermore, MTT assay was carried out as described in section 3.10 to obtain 

quantitative cell cytotoxicity data for each formulation treatment. In addition, LDH assay was 

performed to further corroborate the MTT results by analyzing the supernatant following 

manufacturer's guidelines. MTT and LDH percentages of cell viability were calculated using 

equation (3).    

To investigate the colony formation after exposure of DTX alone, DTX-loaded liposomes, and 

DTX-loaded chitosomes, LSCCs were seeded in 24 well-plates at a density of 15 × 103 and 

incubated until full confluency up to 7 days. After treatments, the culture medium was removed, 

and the cells were washed twice with PBS. Then, cells were stained with 0.1% crystal violet (water 

30%, ethanol 70%, crystal violet 0.1%) in sterile water (0.5 mL/well) for 30 min at room 
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temperature. After thorough washing, the colonies were analyzed via absorbance at 590 nm [89] 

with Spectramax i3 plate reader. Hampering of colony formation was analyzed via 

immunostaining of the cytoskeleton and nucleus using Axiovert3 microscope with a 20× objective 

and Cy3, ALEXA488, DAPI filters. Images were acquired using Imaris 9.5.1 Software, and cell 

nuclei (10 µm) were counted at the entire images with the spot detection algorithm via DAPI mean 

fluorescence intensity [90]. 

4.3.13. Hemolytic effect of chitosomes   

The nanocarrier formulations at predetermined concentrations with and without DTX were added 

to the diluted (100x) red blood cells in PBS for a final volume of 12 mL. Tween 80 was used as a 

positive control. The samples were mildly shaken for 1, 2, and 3h at 37°C and centrifuged at 800 

g for 15 min. Hemolysis was evaluated by mixing 100 μL of each supernatant with 100 μL of 

cyanmethemoglobin/Drabkin′s reagent into a 96-well plate and reading the absorbance at 540 nm 

using the Spectramax i3 plate reader. The percentage of hemolysis was calculated using equation 

(5). 

Hemolysis(%) =
absorbance sample−absorbance negative control

absorbance positive control−absorbance negative control
× 100      (5) 

 

4.3.14. Statistical analysis 

Data are reported as mean ± SE or SD of at least three experiments. The statistical significance 

of the differences was analyzed by Two-way ANOVA and Tukey post-hoc tests using GraphPad 

Prism version 9.5.1 for Windows (GraphPad Software, San Diego, CA, USA). 

4.4 Conclusion 

In this study, we fabricated DTX-loaded chitosomes with optimal physical properties for enhanced 

permeability retention features. The DTX-loaded chitosomes are consisted of anionic 

nanoliposomes and a cationic chitosan coating to provide the nanoliposomes with mucoadhesive 

and increased drug retention properties. The overall in vitro results suggest that chitosomes loaded 

with docetaxel are a promising delivery system for laryngeal cancer via intra-arterial 

administration. DTX-loaded chitosomes showed indeed im-proved anti-cancer effects on a 

laryngeal cancer cell line with no signs of hemolysis. Further advanced in vitro studies are required 
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to better understand the fate and bioactivity as well as the targetability of DTX-loaded chitosomes 

in the laryngeal cancer tumor micro-environment.  
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Preface to Chapter 5 

In Chapter 5, we developed and characterized a DTX-resistant laryngeal cancer cell line (Aim 2) 

and assessed a chemosensitizing using a resistant laryngeal-tumor-on-a-chip model (Aim 3). We 

employed a 4-month stepwise dose strategy to induce DTX resistance in a commercial laryngeal 

cancer cell line. RNA-sequencing technique was used to compare transcriptomic profiles between 

non-resistant cells and the new in-house DTX-resistant cell line. Our analysis revealed the 

upregulation of pathways associated with PI3K/mTOR, autophagy, cytochrome P450, and 

mitochondrial processes in DTX-resistant laryngeal cancer cells (DR-LSCC). Additionally, 

specific genes related to DTX resistance, such as TUBB3, CYP24A1, and ABCC3, were found to 

be upregulated in DR-LSCC. To validate the phenotype of DR-LSCC, we proceeded with the in 

vitro evaluation of the resistant phenotype of DR-LSCC compared to non-resistance cell controls. 

We performed 2D flat monolayer cultures in terms of protein expression, signaling pathway 

analysis, autophagy and cell viability assessment after MTF/DTX combination therapy exposures. 

Results confirmed the expected phenotypes of chemoresistance in DR-LSCC. 

To explore the potential possibility of chemosensitizing strategy, we co-cultured DR-LSCC with 

vocal fold fibroblasts using a tumor-on-a-chip device. This chip validated the tumor hypoxic core 

attributable to a hypoxic gradient. Also, combination therapies consisted of MTF-priming effect 

followed by DTX treatment (with and without encapsulation into chitosomes). DAPI analysis, cell 

counting, LDH supernatant analysis, and chitosome uptake were conducted to evaluate the 

treatment outcomes. For chip cultures receiving both MTF and DTX-loaded chitosomes, increased 

cell death was observed when compared to DTX alone treatment, implicating the potential benefits 

of adjuvant chemosensitizer priming in reducing DTX drug resistance. This study showed the 

successful development of DR-LSCC as chemoresistant cancer cell model, and the potential use 

of combination therapies in the treatment for resistant laryngeal cancer. 

 

This work is in preparation for publication.  
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Keywords: chemoresistance, laryngeal cancer, metformin, docetaxel, transcriptomics, 

microfluidics, combination therapy 

Abstract: Tumor resistance to chemotherapy is a common cause of cancer recurrence in patients 

with head and neck squamous cell carcinoma. The goal of this study was to establish a 

chemoresistant laryngeal cancer cell model and to test a chemosensitizing agent as an adjunct to 

standard chemotherapy. A stepwise dose-escalation continuous exposure method was used to 

induce chemoresistance to docetaxel in a laryngeal cancer cell line. At the genotypic level, RNA 

sequencing confirmed that the cells acquired putative resistance with upregulated docetaxel-

resistant genes (e.g., TUBB3, CYP24A1) and signaling pathways (e.g., PI3K/mTOR, autophagy). 

For phenotypic analysis, docetaxel-resistant cells were co-cultured with laryngeal fibroblasts in a 

2-channel microfluidic chip that mimics a hypoxic tumor core as in vivo. Stromal fibroblasts were 

observed to migrate towards docetaxel-resistant cancer cells expressing nitroreductase, an 

intracellular maker indicative of hypoxia. In addition, a drug sensitivity test with a 

chemosensitizer, metformin, was performed on the drug-resistant tumor-on-a-chip. Compared to 

untreated controls, metformin-primed cancer cells exhibit higher sensitivity to docetaxel, i.e., cell 

death. Collectively, this resistance-acquired cell model displayed presumed genotypic and 

phenotypic profiles of chemoresistance, which will provide a viable option for testing new 

therapeutic strategies of restoring tumor sensitivity to docetaxel. 

Translational impact statement: 

Incomplete understanding of chemoresistance in locally-advanced mucosal laryngeal carcinoma 

leads to overtreatment. Here, we develop docetaxel-resistant laryngeal cancer cells to understand 

key molecular mechanisms and chemosensitizing strategies. From such resistant-acquired cells, 

molecular targets for inhibition are identified regarding upregulated genes and signaling pathways 

including PI3K/mTOR and autophagy associated with docetaxel resistance. Tumor-on-a-chip 

cultures emulate the hypoxic laryngeal tumor core for chemosensitizing evaluation. Metformin is 

used to sensitize chemoresistant cells to docetaxel encapsulated into mucoadhesive chitosomes 

causing increased cytotoxicity with prospect clinical target of mucin-overexpressing tumors. 

. 
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5.1 Introduction 

The global burden of head and neck cancer (HNC) is estimated as $535 billion USD from cases 

between 2018 and 2030.1 HNC encompasses squamous cell carcinoma in the mucosal tissue found 

in the oral cavity, nasal cavity, pharynx, larynx, and salivary glands.2 The 5-year overall survival 

rate for patients with locally-advanced HNC remains to be 50% for the last three decades.3,4 About 

65% of patients with locally-advanced stage of HNC develop metastatic/recurrent cancer with a 

15% rate of developing a second primary tumor in the head and neck anatomical site.5 Resistance 

to treatment is a common cause of cancer recurrence and metastasis, leading to treatment failure.6 

As a sub-type of HNC with up to a 40% case load,7 laryngeal cancer affects critical functions such 

as speaking, swallowing, and breathing.8 Laryngeal cancer had an annual incidence rate of 177,422 

worldwide in 2019.9 This incidence rate is expected to increase 43% by 2035 due to attributable 

risk factors as smoking and drinking.10  

In standard treatment of HNC, taxanes, platinum-based, and 5-fluoruoracil (TPF) are common 

chemotherapeutic agents, typically used concomitantly with radiotherapy either in definitive or 

adjuvant setting.7 Docetaxel (DTX) is a taxane drug that was approved by US FDA for head and 

neck cancers since 1996.11  When administering DTX as a single agent, positive response rates 

were found as low as 10% in HNC unrelated to human papilloma virus infection.12 This low 

response rate is primarily attributed to tumor resistance to the drugs used in chemotherapy.2,12–14 

Multiple molecular pathways are plausibly associated with HNC progression and therapeutic 

resistance, such as alterations in drug efflux transporters, disruptions in apoptotic pathways, 

augmentation of DNA repair mechanisms, and dysregulation of survival signaling pathways.15,16 

Specific to DTX, upregulation of β-III tubulin,17–19 cytochrome P450 (CYP),17 and ATP-binding 

cassette (ABC) transporters17,20,21 were linked to its anti-cancer effects. DTX hampers microtubule 

dynamics by binding to the β-subunit of microtubules like β-III tubulin, which causes inhibition 

of mitotic processes.22 Upregulated β-III tubulin with TUBB3 as an encoding gene is associated 

with reducing the DTX-related mitotic arrest on microtubule dynamics, leading to treatment 

resistance.17–19 With regards to DTX drug metabolic breakdown, its enzymatic degradation relates 

to Cytochrome P450 (CYP) family.17 CYP24A1 is a CYP family gene that encodes 24-

hydroxylase enzymes helping regulate vitamin D activity.23 Upregulated CYP24A1 is associated 
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with DTX resistance,24 and poor overall survival of oral cancer patients.23,25 Concerning ABC 

transporters, ABCB1 encodes the P-glycoprotein that is commonly known as multidrug resistance 

protein 1.17,20,21 These efflux transporters play critical roles in reducing the intracellular 

accumulation of DTX by pumping the drug out of cancer cells.17,20,21 In addition to ABCB1, 

increased resistance to DTX is correlated to an upregulated expression of the ABCC3 ATP binding 

cassette gene, in which ultimately diminish the efficacy of cancer treatment.26,27  

Combination therapy, often involving two or more drugs or treatment modalities, have been 

explored to circumvent chemoresistance in head and neck oncology.14 For instance, PI3K/mTOR 

pathway is the most aberrantly activated cancer-associated signaling pathway with more than a 

90% prevalence in head and neck malignancy.28 Their upregulation is linked to taxane resistance 

with downstream effects on regulation of cell survival, metabolism, and proliferation.17,20,29–32 

Monotherapy or combination treatments of the mammalian target of rapamycin (mTOR) inhibitors 

are also proposed to sensitize resistant cells that may help improve treatment outcome. In 

particular, metformin (MTF), which is an antihyperglycemic agent and first-line treatment for 

diabetes, was found to inhibit mTOR pathway on several cancer types.33–35 When used as an 

adjuvant treatment to chemotherapy, MTF decreased resistance to taxane therapies in ovarian 

tumors, with 20% more epithelial cancer cell death compared to taxane alone after 2-day 

inspection.33 In gastric cancer, MTF in combination with DTX or 5-fluororuacil showed more than 

80% reduction in gastric cancer colony number after a 10-day clonogenic inspection.34 A 

randomized clinical trial study also suggested a favorable impact of MTF on enhancing the 

sensitivity of DTX treatment in patients with metastatic prostate cancer.35   

In HNC, in vitro evidence became available for possible anti-tumor effects of MTF36 from ongoing 

clinical trials37,38 (e.g., phase I,4 phase I/II39). In oral cancer, an in vitro study reported that MTF 

inhibits cell proliferation and regulates cancer-associated pathways affecting mTOR and 

mitochondrial activity.36 Also, MTF has shown regulation of resistant mechanisms during 

curcumin chemotherapy treatment.40 In laryngeal cancer, MTF in combination with 5-fluororacil 

was showed to upregulate genes associated with protein metabolism, cytochrome P450, 

endoplasmic reticulum stress, DNA damage and apoptosis; as well as to reduce cell proliferation 

and migration in vitro.41 In locally advanced stage III of squamous cell carcinoma of the oral 
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cavity, oropharynx, hypopharynx and larynx, adjuvant MTF has shown improved overall survival 

and progression-free survival in phase I/II clinical studies.4,39  

One issue with low therapeutic effect of the anti-cancer drugs, particularly for HNC, is related to 

the route of drug administration. Systemic intravenous delivery of chemotherapy induces highly 

toxic effects throughout the body because the chemotherapy concentration in the tumor site is like 

that found in the entire body, with only approximately 1% of the chemotherapy reaching solid 

tumors via this route.42,43 Although locoregional intra-arterial chemotherapy is proposed as a 

means of mitigating systemic toxicities by directing the drug into tumor-supplying arteries rather 

than through systemic circulation, this administration still carries the risk of causing toxic 

extravasation damage in the surrounding tumor region.13,44 In our previous work, we encapsulated 

DTX into anionic liposomes coated with cationic chitosan, i.e., mucoadhesive chitosomes, for 

quasi-targeted local controlled and sustained release of drugs.13 We then administered DTX-loaded 

chitosomes to non-resistant laryngeal cancer cells (mucosal carcinoma) targeted via mucin-

chitosan interactions. After a week, DTX-loaded chitosomes exhibited about 20% more laryngeal 

cancer cell death compared to DTX alone.13  

At present, most laryngeal cancer studies rely on animal models.45,46 When laryngeal 

carcinogenesis is studied by subcutaneous injection into the flank45 or armpits46 of mice, animal 

models fell short to accurately mimic the disease, as it does not target the anatomical site of the 

laryngeal mucosa. There remains a need for advancing cell culture model for pre-clinical 

assessment in laryngeal cancer research. Meanwhile, existing in vitro laryngeal cancer models are 

limited to fully characterizing the tumor microenvironment and the tumor response, both 

sensitivity and resistance, to chemotherapy.2,47,48 In this study, we aimed to develop a DTX-

resistant laryngeal cancer cell model that would help advance the understanding of 

chemoresistance and the evaluation of new drug design. We implemented an escalating 

intermittent dose protocol to successfully induce DTX resistance in a commercially available 

laryngeal cancer cell line. RNA sequencing analysis was performed with the aim of evaluating 

DTX-exposed cells resistance through measuring the upregulation of DTX-resistant genes (e.g., 

TUBB3, CYP24A1, ABCC3, etc.) and signaling pathways (e.g., PI3K/mTOR, autophagy, mucin, 

endocytosis, etc.) compared to healthy laryngeal epithelial cells and laryngeal cancer cells with no 

DTX exposure. To emulate chemosensitization therapies, DTX-resistant cells were co-cultured 
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with vocal fold stromal fibroblasts on a tumor-on-a-chip device, in which was then exposed to a 

combined MTF/DTX drug treatment with free DTX or encapsulated into chitosomes compared to 

monotherapy controls.  

5.2 Results 

5.2.1. Inducing and Genotyping Docetaxel Resistance in Laryngeal Cancer Cells.c  

5.2.1.1. Stepwise dose-escalation exposure induced chemoresistance in laryngeal cancer cells.   

DTX-resistance was induced in laryngeal squamous cell carcinoma (DR-LSCC) by applying a 

stepwise dose-escalation exposure protocol, namely, a 3-day exposure of complete media followed 

by 3-day DTX enriched media for 4 months (Figure 5-1a). Chemoresistance was confirmed based 

on the analyses of apoptosis, autophagy, cell migration, protein and gene expressions (Figure 5-

1b).17 The docetaxel resistance analysis was performed to assess the viability of DR-LSCC, in 

comparison with a non-resistant LSCC group and a healthy laryngeal squamous epithelial cell 

(LSEC) control groups. After a 72-hour of 1µM DTX exposure, the MTT cell viability assay 

showed that DR-LSCC were more resistant to the DTX treatment after a 3-day inspection. Less 

cell death was observed in DR-LSCC than that of LSCCs and LSEC (~36% vs ~15%; Figure 5-

1c). After confirming an increased resistance on DR-LSCC, monodansylcadaverine staining was 

carried out for the detection of autophagy (Figure 5-1d). Tamoxifen, an autophagy inducer, was 

used as the positive control.49 A significant increase in basal autophagy activity was noted in DR-

LSCC compared to controls (p < 0.05), indicating that DR-LSCC have an increased metabolic 

activity than LSCC and LSEC  (Figure 5-1e). 



 

 

 146  

 

 



 

 

 147  

 

Figure 5-1. Chemoresistance in laryngeal cancer cells with distinct genotypic profile. (a) Illustration of the protocol 

for inducing chemoresistance in laryngeal cancer cells. Brightfield images show the progression of chemoresistance 

(4x magnification). (b) Chemoresistance can induce autophagy, apoptosis, cell migration, protein expression, gene 

expression and so on. (c) Drug resistance analysis of DTX cytotoxicity effect on non-resistant (LSEC and LSCC) and 

resistant (DR-LSCC) cells. (d) Autophagy staining of DR-LSCC, LSCC, and LSEC with positive controls of 

tamoxifen. Blue = monodansylcadaverine. Scale bar = 20µm. (e) Normalized autophagy absorbance to positive 

controls. *** p < 0.001, **** p < 0.0001. (f) Principal component analysis (PCA) of the transcriptomic data for each 

cell group sample (n = 5). (g) Total identified differentially expressed genes (DEG) depicted as heat maps with a Z-

core (-2 to 2). Individual DEG are represented on the y axis and the sample regions along the x axis. (h) Number of 

upregulated and downregulated DEG (# DEG) of comparison between cell groups. (i) A volcano plot of LSEC vs. 

LSCC, and LSEC vs. DR-LSCC comparisons. (j) Differentially expressed gene Venn diagram of comparison between 

cell groups. LSEC = laryngeal squamous epithelial cell; LSCC = laryngeal squamous cell carcinoma; DR-LSCC = 

docetaxel-resistant laryngeal squamous cell carcinoma. 

5.2.1.2. DR-LSCC and LSCC presented overall distinct genotypic profile compared to LSEC. 

More than 150ng/µL of RNA was obtained for all sequencing sample of LSEC, LSCC, and DR-

LSCC (Table 5-S1). Principal component analysis (Figure 5-1f) was implemented to observe the 

data in terms of their first dimension (PC1) and second dimension (PC2) of variation between cell 

groups. PC1 axis was greater than the comparable distances observed along the PC2 axis. PC1 and 

PC2 accounted for 83% and 8% of variability, respectively, and the three groups of cells were 

clearly separated from each other. From the 23,922 expressed genes among the three cell groups, 

differentially expressed genes (DEG) were identified and depicted as heatmaps to visualize data 

clustering as entities through a dendrogram and assess the logical coherence of this structure 

(Figure 5-1g). Heatmap analysis exhibited distinct genotypic profiles from DR-LSCC, LSCC, and 

LSEC of the identified DEG. Healthy LSEC control presented over 12,000 DEG, either 

upregulated or downregulated, when compared to either LSCC or DR-LSCC with P-adjusted < 

0.05 and |log2FC| > 1 (Figure 5-1h). In total, there were 12,517 DEG between healthy control and 

cancerous group (LSEC vs. LSCC), and 12,851 DEG between healthy control and resistant 

cancerous group (LSEC vs. DR-LSCC).  

Volcano plots analysis confirmed the distinctive genotypic profile of both cancerous groups 

(Figure 5-1i). Compared to non-cancerous LSEC, both cancerous groups exhibited statistically 

significant downregulated (∼40%, displayed as blue dots) and upregulated (∼60%, shown as red 
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dots) genes. To understand the correlation of these data, overlap analysis of up- and downregulated 

DEG from Figure 5-1g and 5-1i was depicted in Venn diagrams (Figure 5-1j). About 77% 

(5,763/7,456) of upregulated DEG and 70% of downregulated DEG (4,988/7,161) were shared in 

both cancerous groups compared to non-cancerous LSEC. Overall, both cancerous groups (LSCC 

and DR-LSCC) displayed distinctive genotypic profiles from that of non-cancerous (LSEC) and 

subsequent analysis would focus on the comparison of the two cancerous groups. 

5.2.2. DR-LSCC Oncogene Profiling of Metastasis and Resistance 

Based on the analysis of 45 oncogenes known to head and neck squamous cell carcinomas17,26,32,50–

57, DR-LSCC presented a differentially expressed genotypic profile with respect to metastasis 

cytokine, apoptosis, proliferation, drug transporters, enzymatic, and vitamin D-related markers 

compared to LSEC (Figure 5-S1). Of these 45 oncogenes, 21 genes were selected for further 

investigation herein (Figure 5-2a) as their expression patterns were distinctive from other related 

work.32,51 Compared to non-cancerous LSEC, markers of metastasis, namely (wild type) SLC16A1 

and COL4A1, were significantly downregulated in DR-LSCC as anticipated. Such outcome may 

refer to the constant DTX exposure caused a greater effect on cytokine gene expression as MMP-

3 (p < 0.05), CXCL5 (n.s.), and CXCL11 (p < 0.05). An explanation may relate to MMP 

expression being part of the development of metastasis in HNC,32,51,58  rather than the lymph node 

metastatic gene expression of COL4A1 and SLC16A1 as suggested in Jin et al.’s paper.51 

Further in comparison to LSEC, apoptosis-related expression of (wild type) TP53 was 

downregulated (n.s.) and TNFRSF11A was significantly upregulated (p < 0.05) in DR-LSCC. 

Genes related to cancer proliferation including NOTCH1 (p < 0.05), EP300 (n.s.), and PTCH1 

(p < 0.05) were all upregulated in DR-LSCC. Upregulation of the drug transporter ABCC3 (n.s.) 

and downregulation of microtubule binding protein FRY (p < 0.05) were observed in DR-LSCC. 

With respect to autophagy-related genes, DR-LSCC showed upregulation of CFLAR (p < 0.05) 

and ZFYVE26 (n.s.). A non-significant upregulation of the chromatin remodeling gene KMT2D 

was observed in DR-LSCC.  
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Figure 5-2. HNC biomarker expression on analyzed laryngeal cells. (a) Heatmap of specific differences on HNC 

biomarkers, drug metabolism, oncogenes, and tumor suppressors with Z-score (-1.5 to 1.5). Top 10 gene ontology 

molecular functions (GOMF) of (b) upregulated and (c) downregulated DEG between LSCC and DR-LSCC. Top 10 

gene biological process (GOBP) of (d) upregulated and (e) downregulated DEG between LSCC and DR-LSCC. * p < 

0.05, § p < 0.01 in comparison to LSEC. 

5.2.2.1 Gene ontology analysis revealed unique molecular pathways between LSCC and DR-

LSCC 

To gain a better understanding of the functional differences between the two cancerous groups, we 

performed differential expression analysis of DR-LSCC relative to LSCC (Figure 5-S2, 5-S3). 

We next applied gene set enrichment analysis (GSEA) using gene ontology (GO) annotations. 

Based on GO molecular functions (GOMF), DR-LSCC showed significant upregulation on 

transmembrane transporter and symporter activities than LSCC (Figure 5-2b) while molecular 

functions including DNA activity, protein dimerization, and cytoskeleton binding are 

downregulated (Figure 5-2c). For GO biological processes (GOBP), the most upregulated gene 

sets in DR-LSCC compared to LSCC were involved in autophagic mechanism, anion transport, 

endoplasmic reticulum responses (Figure 5-2d), while cell cycle is the top downregulated process 

(Figure 5-2e). These biological processes are known to implicate in the metabolism and 

differentiation of laryngeal cancer development and progression,62 confirming the acquired 

chemoresistance of DR-LSCC at the gene transcription level.  The ability of cancer cells to alter 

their metabolism has been associated with their resistance to anti-cancer drugs. In particular, 

resistant cells were able to adapt to oxidative stress and balance their internal redox levels by 

boosting the production of glutathione.63 Such metabolic adaptation can be attributed to the 

mutation or deregulation of some genes that control microtubule stabilization, cancer senescence, 

hypoxia and antioxidant capacity, and adaptive mitochondrial reprogramming as described next. 

5.2.3. Chemoresistance-Related Genes and Pathways: in vitro verification. 

5.2.3.1. DR-LSCC expressed chemoresistant-associated genotypes. 

Overall, compared to those of LSEC and LSCC, DR-LSCC showed upregulated expression of 

microtubule stabilization genes like ALK gene, metabolic gene GSK3B and slight increase of 

hypoxia gene HIF1A in the KEGG hsa05200 cancer pathway (Figure 5-S2, 5-S3). The result is in 
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concordance with a presumed highly metabolic and hypoxic phenotype of resistant cells reported 

in literature.17 A set of chemoresistance-related markers,15,17,20,28,29,64–68 namely βIII-tubulin 

(TUBIII), EGFR, Ki-67, E-Cadherin, vimentin, α-Smooth Muscle Actin (α-SMA), Oct-4, P53, and 

PIK3CA were further profiled and verified in this study. (Figure 5-3, S4).  

For microtubule marker of TUBIII, both transcriptomic and staining results showed increased 

expression in DR-LSCC, attributable to DTX microtubule-binding effect.22  For HNC oncogene 

of EGFR, immunostaining showed strong expression on the cell surface of DR-LSCC and LSCC 

but in opposite expression from the transcriptomic results. It is possible that continuous exposure 

of DTX may have a plateau effect on EGFR expression at the gene level. These results were 

unexpected since EGFR overexpression is often associated with taxane drug resistance.16 For the 

proliferation marker of Ki-67, both cancerous groups showed strong stains but their encoding gene 

MKI67 was significantly downregulated compared to LSEC (p < 0.05). Although low levels of 

Ki-67 are associated with cancer senescence,69 DR-LSCC exhibited proliferative activity via Ki-

67 immunofluorescent inspection contradicting the MKI67 gene results. 

For a cell adhesion marker of CDH1 gene and its encoding epithelial cadherin (E-cad), both 

cancerous groups showed significantly stronger expression than LSEC (p <0.05). For a 

mesenchymal marker of vimentin, both gene and staining data showed a low expression of this 

focal adhesion marker in DR-LSCC and LSCC. Another mesenchymal marker of ACTA2 gene 

and its α-smooth muscle actin, both cancerous groups also showed downregulation compared to 

LSEC (p <0.05); whereas DR-LSCC had significantly higher ACTA2 expression compared to 

LSCC. Therapy-induced cancer senescence reprograms metabolic activity resulting in promotion 

of the epithelial-mesenchymal transition,70 which has been associated with oral squamous cell 

carcinoma promotion and invasiveness.71  

For stemness markers of POU5F1 gene and its Oct-4, all cell types had comparable expressions. 

With respect to the tumor suppressor marker of TP53 gene and its P53, DR-LSCC showed 

significantly lower expression than the other two cell groups (p <0.05). Such results were 

anticipated considering that reduced expression of P53 manifested the process of cancer 

senescence.69 For a metabolic mTOR-related marker of PIK3CA encoding gene and its P13K, DR-

LSCC showed higher expression than LSEC. Collectively, these results suggested the genotypic 



 

 

 152  

 

senescent state of DR-LSCC could be linked to a higher possibility of survival from drug 

challenges.  

 

Figure 5-3. Immunostaining and corresponding transcriptomic data of chemoresistance markers. 

Immunofluorescence of βIII-tubulin (TUBIII), EGFR, Ki-67, E-cadherin, Vimentin, α-Smooth Muscle Actin (αSMA), 

OCT4, P53 and PI3K with their specific gene expression. Scale bar = 40µm. * p < 0.05, § p < 0.01 in comparison to 

LSEC. 
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5.2.3.2. DR-LSCC showed upregulated mTOR-signaling pathways and functional processes. 

Upregulation of the mTOR complex17,72–76 is associated with resistance to taxane drugs.17 

Compared to LSEC and LSCC, DR-LSCC showed respective 0.5-fold and 2.2-fold increases in 

the upstream DEPTOR based on the KEGG Pathway analysis [hsa04150 mTOR signaling] 

(Figure 5-4a, S5a). CASTOR1 was also upregulated in DR-LSCC, compared to both LSEC (~3.8 

fold-change) and compared to LSCC (~1 fold-change). In contrast, DR-LSCC showed 

downregulation of IRS1 in comparison to both controls (>2.2 fold-change). Meanwhile, RNF152 

exhibited a ~0.2-fold increase and ~1.5-fold decrease in DR-LSCC compared to LSEC and LSCC 

respectively.   

For mTOR transcriptional activators, DR-LSCC showed upregulation for RRAGD compared to 

LSEC (~4 fold-change) and LSCC (~0.7 fold-change). For RRAGB, DR-LSCC showed about 1-

fold increase and 0.8-fold decrease compared to LSEC and LSCC respectively. PRKCA is an 

mTOR downstream target, which showed a ~1-fold decrease and ~0.5-fold increase in DR-LSCC 

compared to LSEC and LSCC respectively. SGK1 showed a decreased expression (~1.5 fold-

change) in DR-LSCC in comparison to the other two cell groups. SKG1 dysregulation is tumor 

specific, being upregulated in oral squamous cell carcinomas and downregulated in colorectal 

cancer.77 

Intracellular mTOR proteins were quantified to verify the mTOR ontology results using enzyme-

linked immunosorbent assays (ELISA). Compared to LSCC and LSEC, DR-LSCC showed 

significant protein levels of pan-mTOR but not phosphorylated ones, indicating higher metabolic 

activity and acquired chemoresistance (Figure 5-4b). One downstream effect of mTOR signaling 

is to regulate cytokine production in cancer cells.51 For instance, matrix metalloproteinase-3 

(MMP3) cytokine is a HNC oncogene that is involved in tumor remodeling.51 DR-LSCC showed 

significant increases of MMP3 in both secreted and intracellular protein levels from media and 

lysate samples respectively, compared to LSCC and LSEC (p < 0.05, Figure 5-4c). Together, these 

results may relate to the DR-LSCC’s upregulation of PI3K/mTOR-related (i.e., PIK3CA: 0.2-fold 

increase; PRKCA: 0.3-fold increase) as well as cytokine-related (i.e., STAT1-4 complex: varied 

between 1.7 and 0.7-fold increase; NOS1: 2.7-fold increase) pathways (Figure 5-4, 5-S2, 5-S3).  
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Figure 5-4. mTOR, oxidative phosphorylation, and autophagy signaling pathways. (a) Genes of interest from mTOR 

pathway [hsa04150]. Blue = LSEC vs. DR-LSCC; Red = LSCC vs DR-LSCC. (b, c) ELISA data of mTOR and MMP3 

expressions of the cell groups LSEC, LSCC and DR-LSCC. (d) KEGG oxidative phosphorylation pathway [hsa00190] 

on non-resistant and resistant cells (LSEC vs. DR-LSCC) with color of fold-change (-4 to 4). Red = upregulation; 

Blue = downregulation. Genes of interest from KEGG oxidative phosphorylation pathway [hsa00190]. Blue = LSEC 

vs. DR-LSCC; Red = LSCC vs DR-LSCC (f) Luminescent data on ATP/ADP ratio of LSEC, LSCC, and DR-LSCC 

(g) Genes of interest from KEGG autophagy pathway [hsa04140]. Blue = LSEC vs. DR-LSCC; Red = LSCC vs DR-

LSCC. * p < 0.05, **** p < 0.0001. 
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5.2.3.3 DR-LSCC showed upregulated mitochondrial and autophagy pathways. 

Pathway analysis of mitochondrial activity as oxidative phosphorylation [hsa00190] was evaluated 

between resistant and non-resistant cells in terms of ATPase, ATP synthase, hydrogenase, oxidase, 

and reductase expressions (Figure 5-4d, e). For Complex V ATPase ATP6V1B1, DR-LSCC 

showed about 4-fold increase and 2-fold decrease compared to LSEC and LSCC respectively. For 

F-type ATPase ATP5PO, DR-LSCC showed downregulation than those of LSEC (~2 fold-change) 

and LSCC (~0.3 fold-change) controls. Regarding H+ ATPase ATP6V1A, DR-LSCC exhibited 

upregulation compared to LSEC (~1.2 fold-change) and LSCC (~0.2 fold-change). For membrane 

ATP synthase ATP5F1B, DR-LSCC showed < 0.5-fold downregulation compared to the other two 

groups. With regards to the mitochondria’s Complex IV and III, these cytochrome c-related genes 

may play a role in the modification of energetic metabolism in DR-LSCC. For the oxidase MT-

CO1, DR-LSCC showed about ~0.6-fold decrease and ~0.5-fold increase compared to LSEC and 

LSCC respectively. For reductase CYC1, DR-LSCC exhibited about 2-fold and 0.3-fold decreases 

than those of LSEC and LSCC.  

Complex II-related SDHA, Complex I-related MT-ND1 and NDUFA4 are the genes that may 

mediate dehydrogenase and oxidoreductases in chemoresistance37,78 (Figure 5-4e). For succinate 

dehydrogenase SDHA, DR-LSCC showed downregulation when compared to LSEC (~1 fold-

change) and LSCC (~0.5 fold-change). For Complex I oxidoreductase MT-ND1, DR-LSCC 

showed about 0.4-fold decrease and about ~2.5-fold increase compared to LSEC and LSCC 

respectively. The upregulation of MT-ND1 may affect encoding-enzyme groups of mitochondria’s 

Complex I for cancer cell respiratory capacity. For oxidoreductase NDUFA4, DR-LSCC showed 

downregulation of this oxidative-stress related gene, when compared to LSEC (~0.9 fold-change) 

and LSCC (~0.4 fold-change) controls. The metabolic activity of DR-LSCC was confirmed at the 

intracellular protein level. By implementing a bioluminescent assay on cell lysates, DR-LSCC 

showed a significant increase in relative expression of baseline ATP/ADP ratio (p < 0.05, 1-fold), 

compared to those of LSCC and LSEC (Figure 5-4f). This intracellular protein data confirmed the 

likely association of increases in metabolic genes (e.g., PI3KCA, GSK3B, CYP24A1, etc.) and 

ATP/ADP energy activity (ATP6V1A) in DR-LSCC.  
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Besides metabolic reprogramming, autophagy is also associated with taxane 

chemoresistance.15,17,20,79,80 Based on the pathway analysis of autophagy [hsa04140] (Figure 5-4g, 

5-S5b), when compared to healthy cells (i.e., LSEC), the five autophagy genes (GARABAP, 

MAP1LC3A, RASGEF1A, ATG13 and ULK1) were all upregulated in DR-LSCC. However, 

when compared to non-resistant cancer cells (i.e., LSCC), only two of them, namely, ATG3 and 

ULK1 were upregulated whereas the other three were downregulated in DR-LSCC. Resistance 

often involves aberrations in apoptosis regulation. Downregulation of pro-apoptotic elements (e.g. 

MDM2), and upregulation of anti-apoptotic proteins (e.g., BCL2) may confer a survival advantage 

to cancer cells66 in response to DTX (Figure 5-S2, 5-S3). 

5.2.4 An mTOR-inhibitor exposure study further confirmed the phenotype of DR-LSCC. 

Metformin (MTF) is a rapamycin agent that inhibits mTOR that has demonstrated the ability to 

enhance the sensitivity of tumor cells to chemotherapy drugs.33–35,81 MTF also inhibits the 

mitochondrial oxidative phosphorylation by targeting the Complex I NADH dehydrogenase,37,78 

such as upregulated MT-ND1 (Figure 5-4e). MTF was thus chosen to validate the phenotype of 

DR-LSCC via a cell sensitization analysis.  

DR-LSCC, LSEC, LSCC and stromal human vocal fold fibroblasts (HVFF) were exposed to 

500mM, 1mM, 5mM and 10mM MTF for three days. MTF cytotoxic activity was evaluated via 

mitochondrial-related MTT assay (Figure 5-5a) and LIVE/DEAD staining (Figure 5-5b). Results 

showed a decreasing trend in cell viability after exposing the cell with higher concentration of 

MTF after the 3-day inspection. Based on the results above, 1mM MTF treatment was selected for 

subsequent experiments due to its therapeutic effect below IC50 for the cancerous groups, but 

above IC50 threshold for non-cancerous LSEC and stromal HVFF.  

ELISA data showed that 1mM of MTF treatment significantly (p < 0.05) enhanced the presence 

of phosphorylated mTOR on the four cell groups, suggesting that an inhibitory effect on mTOR 

synthesis (Figure 5-5c). Autophagy evaluation using monodansylcadaverine and propidium iodide 

stain showed noticeable increase of autophagy in MTF-treated DR-LSCC and compared to HVFF 

and LSEC (Figure 5-5d). 
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Figure 5-5. Effects of MTF alone and its combination with DTX on non-resistant and resistant cells. (a) Dose response 

curve of the MTF dosage on non-resistant cells and DR-LSCC. Relative-Absolute IC50 threshold expressed as vertical 

dotted lines. (b) Cytotoxic evaluation of MTF dosage via LIVE/DEAD staining. Green = live cells; Orange = dead 

cells. Scale bar = 30µm.  (c) Phospho-mTOR levels after 1mM metformin. (d) Autophagy activity after1mM 

metformin. Blue = autophagy activity; Red = dead cells. Scale bar = 10µm. MTT analysis on cell viability after 3-Day 

(e) and 7-Day (f) treatment exposures. (g) Cytotoxic evaluation of DTX alone, and MTF/DTX-loaded chitosomes via 

LIVE/DEAD staining. Green = live cells; Orange = dead cells. Scale bar = 30µm. (h) Genes associated with 

antioxidant, microtubule binding, and mucus glycosylation activities. (i) KEGG analysis of DR-LSCC upregulated 

genes compared to LSCC. (j) Schematic representation of DTX-loaded chitosome internalization by cells. (k) 

Representative KEGG endocytosis pathway [hsa05200] LSCC vs. DR-LSCC, with genes of interest PIP5K1A, E3 

ligase/UBR3, FOLR1, CAV1/caveolin (pointed at with magenta arrows) with color of fold-change (-4 to 4). Red = 

upregulation; Blue = downregulation. * p < 0.05, ** p < 0.01, **** p < 0.0001. 

Upon cells were sensitized with MTF chemosensitizer followed by DTX-loaded mucoadhesive 

chitosomes (Figure 5-5e-g, 5-S6), MTF-primed DR-LSCC showed more cell death (<25% viable 

cells, p<0.05) at Day 3 and Day 7, compared to DTX alone groups (Figure 5-5e-g). Similar 

patterns were also observed in LSCC and non-cancerous cells, indicative of restoring drug 

sensitivity from MTF.  

5.2.3.5 DR-LSCC showed upregulated antioxidant, vesicle transport and mucin-related genes that 

may facilitate treatment and chitosome internalization. 

Compared to LSCC, DR-LSCC showed upregulated antioxidant-associated GLRX82 gene, 

downregulated microtubule-related KNL1 gene,83 as well as upregulated biological processes 

related to ABC transporters and SNARE interactions in vesicular transport (Figure 5-5h, i). These 

genes and biological processes were related to drug sensitivity and retention of the encapsulated 

DTX in chitosomes. 

Further, in comparison with LSCC, mucosal glycosylation84 MUC1, MUC4 and MUC17 along 

with MUCL1, MUC2, and MUC5AC were significantly overexpressed  (p < 0.05, >1-fold 

increase) whereas MUC15 was the only mucin-related gene downregulated  (p > 0.05, 0.2-fold 

decrease) in DR-LSCC (Figure 5-5h, 5-S7). Upregulation of membrane genes associated to 

endocytosis, i.e., PIP5K1A, E3 ligase/UBR3, FOLR1, and mucosal barrier formation were also 

observed in DR-LSCC, which are likely favorable for the mucoadhesive chitosome internalization 

by DR-LSCC (Figure 5-5j, k). The observed enhanced drug sensitivity may relate to clathrin-
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dependent endocytic internalization, being CAV1/caveolin downregulated (Figure 5-5k), of 

quasi-targeted mucoadhesive chitosomes (Figure 5-5j, k) as potentially explained by the 

transcriptomic profile. 

Further, our DR-LSCC cell model showed the preservation of resistant phenotype after one freeze-

thaw cycle. DTX alone and combination therapy were exposed to both DR-LSCC and thawed 

DTX-resistant cells (tDR-LSCC). LIVE/DEAD staining (Figure 5-S8a), MTT readouts (Figure 

5-S8b) and clonogenic analyses (Figure 5-S8c-d) showed that tDR-LSCC displayed similar 

percentage of cell death and colonies as DR-LSCC after Day 3 and Day 7 of both DTX alone and 

MTF/DTX treatments. Specifically, the combination therapy exhibited 15% more cell death in 

DR-LSCC and tDR-LSCC after 3-day and more than 20% of cell death was observed after 7 days, 

compared to DTX alone (p < 0.0001; Figure 5-S8b, d). Autophagy activity and propidium iodide 

staining showed both DR-LSCC and tDR-LSCC had an increased autophagy with decreased cell 

death compared to LSCC after DTX alone and DTX-loaded chitosome treatments after 7 days 

(Figure 5-S8e).  

5.2.4. DR-LSCC Sensitization with Laryngeal Tumor-on-a-chip Platform 

Hypoxic tumor core, which is an important resistant-related tumor microenvironment feature, was 

not represented in the prior 2D monolayer study. To emulate the hypoxic laryngeal tumor core,2 

we cultured DR-LSCC with HVFF under a diffusion/hypoxic gradient in a microfluidic platform. 

The chip cultures were then subjected to a new set of chemosensitizing study for 5 days.   

5.2.4.1. Tumor-on-a-chip co-culture cells presented a hypoxic marker.  

The DR-LSCC/HVFF co-culture was performed on a microfluidic device with two microchannels 

and one central chamber (Figures 5-6a). On Day 0, results of phenotypic markers confirmed the 

co-culture of DR-LSCC (green/TUBIII+, red/Vimentin-) and HVFF (green/TUBIII-, 

red/Vimentin+) in their shared distinct compartments (Figure 5-6b). The diffusion/hypoxic 

gradient was set up by blocking the inlets/outlets of the stromal chamber and cancer channel after 

cell seeding (Figure 5-6c). By doing that, the oxygen/nutrients diffused from the drug-media 

channel towards the co-culture setup. After 5 days of co-culture (Figure 5-6d), HVFF were 

observed to migrate towards the cancer channel when a hypoxia inducer (deferoxamine) was 
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introduced as positive controls. In the negative control group, MTF was used to inhibit HVFF 

migration owing to its antiproliferative effect on stromal cells known  in the literature.85 In our 

experimental group, HVFF were observed to migrate toward DR-LSCC, similar to the positive 

control groups. Also, a slight DR-LSCC growth into the stromal channel was observed, along with 

the HVFF migrating into the cancer channel (Figure 5-6d). This could be related to a slight 

increase in nitroreductase activity of hypoxic DR-LSCC and a more oxidative stress on HVFF 

(Figure 5-6e), owing to the hypoxia gradient in the microfluidic device. 
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Figure 5-6. Hypoxia and migration analyses within the microfluidic device. (a) CAD design of the BEOnChip 

Gradient device. DR-LSCC were seeded on mucin-coated cancer channel whereas HVFF embedded in a collagen I 

gel were placed in Stromal chamber. (b) Phenotypic markers of the co-culture at Day 0. DR-LSCC (green/TUBIII+, 

red/Vimentin-) and HVFF (green/TUBIII-, red/Vimentin+). Magenta line = Collagen I gel limit. (c) Schematic 

representation of the co-culture setup within the microfluidic device mimicking the hypoxic tumor core by blocking 

inlets/outlets (represented as ×) after cell seeding to create an oxygen/nutrient gradient flow. (d) Migration analysis of 

the stromal cells (red, vimentin) towards the cancer channel (green, TUBIII), scale bar = 20 µm. Controls of 

Deferoxamine as hypoxia inducer and MTF as proliferation inhibitor (e) Hypoxia and oxidative stress analyses on 

DR-LSCC and HVFF at 24h (Day 0). Orange = hypoxia; Green = oxidative stress. Positive controls:  Deferoxamine 

as hypoxia inducer and Pyocyanin as oxidative stress inducer. 

5.2.4.2. DR-LSCC/HVFF co-culture showed increased sensitivity to combination therapy. 

Chip cultures with DR-LSCC and HVFF were exposed to a combined MTF/DTX treatment for up 

to 5 days. The administration of the drugs was a 6-hr MTF priming and then 12-min perfusion of 

DTX or DTX-loaded chitosomes, followed by 18 hours of MTF perfusion. Overall, cell count 

analysis based on DAPI showed that HVFF and DR-LSCC decreased by number after treatment 

(Figure 5-7a, b, Figure 5-S9). The LDH results further showed that the total number of viable 

cells (HVFF + DR-LSCC) was in a decreasing trend in both groups of DTX-chitosome (27%) only 

and MTF/DTX-chitosomes (15%) but not for other non-capsulated drug groups (MTF: 85%, DTX: 

68%, MTF/DTX: 55%; p < 0.05) (Figure 5-7c). At Day 5, LIVE/DEAD staining for each cell type 

further confirmed that the MTF/DTX-chitosome group showed more cell death in both stromal 

and cancer cells, compared to the non-capsulated MTF-DTX group and no treatment controls 

(Figure 5-7d).  

To estimate the amount of chitosomes taken up by the cells, the difference between the amount of 

chitosomes injected into the device and the amount retrieved at the outlet was first determined. It 

was found that approximately 40% of the total amount of injected chitosomes was retained within 

the microfluidic device for a 6-hour treatment (Figure 5-7e, Video 5-S1). This retention result was 

then compared with absorbance measurements and NTA of the supernatant collected from the 

stromal and cancer channels (Figure 5-S10), showing that 60% of the chitosomes were present in 

the analyzed supernatant. The uptake of bare liposomes by HVFF and LSCC (Figure 5-S10) and 

of DTX-loaded chitosomes (Figure 5-7e) by HVFF and DR-LSCC was also confirmed by 

immunostaining, both indicating similar uptake regardless the presence or absence of the drug. 



 

 

 162  

 

 

Figure 5-7. MTF/DTX combination therapy tested on the tumor-on-a-chip. (a) Cytotoxic effect via DAPI inspection, 

and Spot detection algorithm at Day 5. Yellow spots = HVFF; Gray spots = DR-LSCC; Magenta line = collagen gel 

limit. Scale bar = 100 µm. (b) Cell count using Spot detection algorithm on DAPI images at 5-day inspection. (c) LDH 

co-culture supernatant analysis. (d) LIVE/DEAD images at Day 5. Green = live cells; Orange = dead cells. Scale bar 

= 20µm. (e) Chitosome retention analysis, and (f) fluorescent chitosome uptake. Immunostaining of HVFF 

(red/EGFR+, green/CK5-) and cancer (red/EGFR+, green/CK5+) cells showed the internalization of the orange-

fluorescent chitosomes (pointed at with white arrows) with DAPI as counterstaining after 6h inspection. Cancer-

associated fibroblast behaviour characterized by EGFR expression could have been activated by DR-LSCC/HVFF 

crosstalk (cytokine pathway).86,87 Scale bars = 5 µm (top images), 10 µm (below images). * p < 0.05, ** p < 0.01. 



 

 

 163  

 

5.3 Discussion 

Acquired drug resistance is a significant challenge to laryngeal cancer treatments. One strategy 

might involve the use of chemosensitizers like MTF to enhance the efficacy of chemotherapeutic 

agents by inhibiting the mTOR pathway.88 The lack of preclinical in vitro model of chemoresistant 

laryngeal cancer has, however, impeded the progression of testing new treatment strategies for 

restoring tumor sensitivity. Using a stepwise intermittent protocol, we successfully developed a 

DTX-resistant laryngeal cancer cell model as shown by distinct gene expression. Genes were 

downregulated with regards to mucous expression (MUC15), microtubule (FRY and KNL1), 

apoptosis (TP53, TNFRSF11A, and BCL2), proliferation (MKI67), metabolism (IRS1 and SGK1), 

endocytosis (CAV1/caveolin) and metastasis (SLC16A1 and COL4A1). However, our main focus 

of study was the upregulation of genes associated with ABC transporters (ABCC3), mucosa 

glycosylation (MUC1, MUCL1, MUC2, MUC4, MUC5AC, MUC17), endocytosis (PIP5K1, 

UBR3, FOLR1), microtubules (TUBB3, ALK), receptors (PDGFR, NOTCH1), metabolism 

(PIK3CA, DEPTOR, CASTOR1, GSK3B, CYP24A1), hypoxia (HIF1A), apoptosis (NTRK1, 

MDM2), cytokine production (STAT1, IL6, GM-CSF/CSF2RA) and autophagy (CFLAR-AS1, 

ATG13, ULK1). Our overall findings are corroborated with other studies in HNC,32,50 and DTX-

related studies in carcer (Table 5-S2). For example, with regards to DTX-resistance genes in 

pancreatic cancer, the drug efflux ABBC3,89 metabolic PIK3CA90 and CYP24A91 were 

upregulated in our DR-LSCC compared to their non-resistant counterparts. Our transcriptomic 

data revealed additional genes of mucin MUCL1, MUC4, MUC15 and MUC17, endocytic UBR3, 

mitotic FRY, metabolic CASTOR1, IRS1, and SGK1, apoptotic NTRK1, metastatic SLC16A1, 

and autophagic CFLAR-AS1, ATG13 and ULK1 that were mutated in our DTX-resistant laryngeal 

cancer cells, which have not been identified to be associated with DTX resistance in other types 

of cancer before.  

Besides, genes from molecular pathways of autophagy (ULK/ATG complex), drug efflux (ABC 

transporters), mitochondrial activity (V-ATP synthase), hypoxia (HIF1A), and PI3K/mTOR 

(PIK3CA, CASTOR1, and DEPTOR) were upregulated in resistant laryngeal cancer cells. 

Autophagy maintains cellular homeostasis by degrading intracellular molecules and damaged 

organelles, which have an impact on drug degradation once internalized by cancer cells.92 

Increased autophagy activity protects cells from the therapeutic effects of drugs as shown by our 
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resistant laryngeal cancer cell model. Another common contributor of chemoresistance is the 

upregulation of the ABC transporters, like ABCC3, whose role is to export drugs out of the tumor 

cells via transmembrane ATP pumps.93 Such a drug efflux process diminishes drug cytotoxic 

effects due to the remaining scarce drug concentration inside cells. Thus, the highly expressed 

transmembrane transporter and symporter activities may reflect the increased drug efflux of the 

resistant laryngeal cancer cell model and its associated cytotoxic resistance to drug free forms.  

The proposed encapsulation of DTX into mucoadhesive chitosan-coated liposomes13 could 

improve drug bioavailability inside and surrounding cancer cells that potentially enhance drug 

sensitivity via mucin-chitosan interaction. The mucin-related genes, MUC1 and MUC4, are 

overexpressed in treatment-resistant laryngeal carcinoma.94 DR-LSCC showed over 1-fold 

increase in multiple mucin-related genes (e.g., MUC1, MUCL1, MUC2, MUC4, MUC5A, 

MUC17) compared to both non-resistant controls. However, DR-LSCC exhibited a non-significant 

0.2-fold downregulation of MUC15 compared to non-resistant LSCC. As note, downregulated 

MUC15 expression is associated with poor clinical prognosis in hepatocellular carcinoma.95 

Anionic carboxyl groups in mucins, i.e., MUC1 encoding Mucin 1 transmembrane protein, interact 

electrostatically with the cationic amine groups in chitosan, which forms protein–polysaccharide 

complexes.96 In our previous study,13 cationic chitosome mucoadhesiveness was confirmed by 

turbidimetry and absorbance readouts using an anionic Mucin 1-riched dispersion. In turn, DTX-

loaded chitosomes exhibited increased cytotoxic effect in LSCC compared to non-encapsulated 

DTX exposure. Our chitosome system could be compatible for the local delivery of DTX to mucin-

overexpressing tumors such as by intra-arterial delivery, i.e., drug to be delivered into tumor’s 

supplying artery.44 Intra-arterial delivery can help limit deleterious systemic side effects and likely 

targeting metastatic tumor cells especially for locally-advanced laryngeal cancer, i.e., stage III and 

IV. We anticipate that by targeting mucin-overexpressing laryngeal cancer cells, the chitosan-

coated liposomes will electrostatically bind to transmembrane mucins like MUC1, MUC4, 

MUC17 and thus enhance the drug intake and retention process.95,96  

Encapsulated drugs are often internalized by cells via endocytosis mechanisms rather than 

transmembrane transporter activity.97 In endocytosis, the internalized substance interacts with cell 

membrane via plasma membrane vesicles. For nanoparticle carriers like liposomes, the related 

endocytosis processes are still in debate that may relate to dependent or independent mechanisms 
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of the transmembrane protein clathrin.98 In our study, DR-LSCC exhibited upregulation of the 

PIP5K1A (Table 5-S2), an upstream PI3K/mTOR pathway actuator99 present in clathrin endocytic 

mechanisms. Interestingly, both clathrin-dependent gene (UBR3) and clathrin-independent gene 

(FOLR1) were also upregulated in DR-LSCC, suggesting that chitosomes may be uptaken 

primarily via clathrin-dependent endocytic processes since the caveolin gene (CAV1) related to 

the clathrin-independent mechanism was downregulated by DR-LSCC (Table 5-S2).  

In our chemosensitizing study, DR-LSCC primed with MTF showed higher cell death than non-

resistant LSCC in 2D cultures. To demonstrate the physiological relevance of our DR-LSCC 

model, a resistant tumor-on-a-chip was developed to emulate the hypoxic tumor core by co-

culturing laryngeal fibroblast embedded in a collagen gel with laryngeal cancer cells. Compared 

to DR-LSCC, stromal cells showed ~10% more cell death after treatment of encapsulated drugs. 

This result may be attributed to the fact that the stromal chamber had greater exposure to the drug 

agents because of its immediate proximity to the drug-media channel. Another explanation could 

be owing to the sustained and controlled released of DTX from the mucoadhesive chitosomes13 

entrapped within the microfluidic device. This chip design may have trapped the chitosomes within 

the microfluidic device. Non-encapsulated DTX, MTF, and MTF/DTX treatments showed a ~15% 

recovery in cell viability considering the co-culture cell number on Day 5, which is attributable to 

drugs being washed away with less than 40% retention rate. Low drug retention gave time for the 

cells to recover from treatment cytotoxic effects. Interestingly, such recovery in cell viability was 

not observed in the treatment groups of the DTX-loaded chitosomes with or without MTF.  

For this very first laryngeal-tumor-on-a-chip, the hypoxic-driven setups corroborated the interplay 

between increased oxidative stress and reduced oxygen levels.100 DR-LSCC was housed in a 

presumably less oxygen tension than HVFF in the chip. Interestingly, DR-LSCC showed strong 

intracellular hypoxia but low oxidative stress signals, whereas HVFF showed strong signals in 

these two intracellular markers. This observation may be likely caused by the antioxidant behavior 

of DR-LSCC, marked by their dysfunctional mitochondrial activity leading to an increased GLRX 

expression that consequently regulates intracellular hypoxia (HIF-1, nitroreductase).    

As noted in lung cancer cells, the antioxidant gene of GLRX, a regulator of the HIF-1,101 is 

associated with treatment resistance, in which their overexpression may result in treatment 
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failure.102 Also, chemoresistance-associated mitochondrial oxidative phosphorylation103–105 may 

implicate the oxidative stress and intracellular respiratory processes in DR-LSCC. From our 

transcriptomic findings, DR-LSCC showed upregulated MT-ND1 and downregulated 

mitochondrial-related genes including ATP5PO, ATP5F1B, CYC1, SDHA, NDUFA4, and 

COX6B1. In this case, increased GLRX expression and impaired mitochondrial activity may 

collectively regulate the oxidative and hypoxic behavior (i.e., increased HIF1A) exhibited by the 

resistant laryngeal cancer cells (Figure 5-S11). 

In this study, the design of the tumor-on-a-chip remains simple with only two cell types of a 

heterogeneous laryngeal tumor. More complex models to include multiple cell types, mimicking 

local tumor microenvironment, will render these models more representative of in vivo tumor 

environment.  Further advancement closely resembling the tumor microenvironment could include 

tumor-associated macrophages, known for being tumor scavenger/immunosuppressive cells. DTX 

was reported to promote monocyte polarization into the tumor-associated phenotype as part of 

acquiring DTX resistance.106 A denser stroma,42 i.e., denser collagen gel, could be used to 

represent the laryngeal tumor cores for the analysis of liposome/nanocarrier sequestration. Denser 

stroma of tumor microenvironment is considered as a prognostic biomarker of metastasis and 

treatment failure107 in laryngeal cancer. By including tumor-associated macrophages and denser 

stroma into chip cultures, a more physiological-relevant in vitro models of laryngeal tumor 

chemoresistance can be achieved.   

5.4 Conclusion 

In sum, chemoresistance is an incalcitrant clinical challenge in laryngeal cancer treatment. A 

physiology-representative in vitro model is warranted to decipher critical molecular mechanisms 

associated with chemoresistance. We developed a chemoresistant laryngeal cancer cell model 

whose genotypic and phenotypic profiles were collaborated to those known in the literature as 

HNC and other cancer studies. This resistant cell model can be applied to help elucidate tumor-

stromal interaction in chemoresistance and evaluate new drug strategies in the reduction of 

chemoresistance for laryngeal cancer. 

 



 

 

 167  

 

5.5 Experimental Methods 

Table 5-1. Key resources. 

REAGENT SOURCE IDENTIFIER 

Materials for transcriptomic and functional analysis 

RNeasy Micro Kit (50) QIAGEN, Toronto, Canada 74004 

TruSeq Stranded Total RNA kits Illumina, San Diego, USA 20020597  

Qubit RNA HS Assay  Thermo Fisher Scientific, Waltham, USA Q32855 

High sensitivity RNA screen tape Agilent, Santa Clara, USA 5067-5579 

qPCR Library quantification kit Roche Diagnostics, Laval, Canada 7960140001 

mTOR ELISA kit Abcam, Cambridge, UK ab279869 

LDH assay kit Abcam, Cambridge, UK ab65393 

ADP/ATP assay kit Abcam, Cambridge, UK ab83359 

Autophagy kit Abcam, Cambridge, UK ab133075 

MMP-3 Activity Assay Kit  Abcam, Cambridge, UK ab118972 

DAPI Abcam, Cambridge, UK ab228549 

ALEXA647/EGFR Abcam, Cambridge, UK ab192982 

ALEXA488/TUBIII Abcam, Cambridge, UK ab195879 

ALEXA594/PI3KCA Abcam, Cambridge, UK ab282113 

ALEXA647/p53 Abcam, Cambridge, UK ab224942 

ALEXA555/αSMA Abcam, Cambridge, UK ab202509 

ALEXA647/Vim Abcam, Cambridge, UK ab194719 

ALEXA488/CK5 Abcam, Cambridge, UK ab193894 

eFluor615/ki-67 Thermo Fisher Scientific, Waltham, USA 42-5698-82 

ALEXA488/OCT3/4 Thermo Fisher Scientific, Waltham, USA 53-5841-82 

LIVE/DEAD staining Thermo Fisher Scientific, Waltham, USA L3224 

MTT assay Thermo Fisher Scientific, Waltham, USA V13154 

ROS-ID® Hypoxia/Oxidative stress 

detection kit 

Enzo life sciences, NY, USA ENZ-51042-0125 

DAPI Abcam, Cambridge, UK ab228549 

Materials for cell culture experiments 

LSEC ATCC, Manassas, USA CRL-3342 
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Dermal Cell Basal Medium ATCC, Manassas, USA PCS-200-030 

LSCC MilliPore-Sigma, Burlington, USA UM-SCC-17A 

HVFF University of Wisconsin-Madison Thibeault Lab 

Collagen I Thermo Fisher Scientific, Waltham, USA A1048301 

Mucin 1 powder MilliPore-Sigma, Burlington, USA M3895 

BEGradient Barrier Free BEOnChip, Zaragoza, Spain 1000320 

Pooled Human Plasma  Innovative Research Inc, Novi, USA IPLAWBNAE50ML 

8-chamber slides Lab-Tek®II 154534 

Docetaxel MilliPore-Sigma, Burlington, USA PHR1883 

Metformin MilliPore-Sigma, Burlington, USA PHR1084 

Materials for chitosome experiments 

Cholesterol MilliPore-Sigma, Burlington, USA C8667 

DSPC MilliPore-Sigma, Burlington, USA 850365P 

DSPE-PEG2000 MilliPore-Sigma, Burlington, USA 880120P 

Liss Rhod PE MilliPore-Sigma, Burlington, USA 810150P 

Pacific Hemostasis™ APTT  Thermo Fisher Scientific, Waltham, USA 100309 

EQUIPMENT/SOFTWARE SOURCE IDENTIFIER 

Zeiss Axiover3  Zeiss, Germany Florescence microscope 

Spectramax i3  Molecular Devices, San Jose, USA Plate reader 

LightCycler® 480 Roche Diagnostics, Laval, Canada 4729749001 

DNA High Sensitivity LabChip PerkinElmer, Waltham, USA CLS760672 

Tecnai G2 F20 200kV Fei, Hillsboro, USA TEM 

Imaris version 9.5.1 Software Bitplane, South Windsor, CT Image processing software 

BioRender BioRender, Toronto, Canada Scientific illustration software 

GraphPad Prism version 9.5.1  GraphPad Software, San Diego, CA, USA Scientific data analysis software  

 

5.5.1 Cell Culture 

Three cell lines were used for this study: (1) A non-chemoresistant human laryngeal cancer cell 

line (LSCC) isolated from primary laryngeal carcinoma located at the supraglottis in T2 or T3 

stage assumable108,109 of a 48-year-old female patient who did not benefit from radiotherapy; (2) a 

human immortalized vocal fold fibroblast cell line (HVFF)110 representing stromal cells in the 
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laryngeal tumor; and (3) a human laryngeal epithelial cell line (LSEC) representing healthy 

laryngeal epithelia. LSCC and HVFF cell lines were grown in LSCC complete media consisting 

of high glucose DMEM, 10% FBS, 1% non-essential amino-acids and 1% enicillin/streptomycin 

in a humidified atmosphere of 5% CO2 at 37°C. LSEC were grown in ATCC dermal cell basal 

media. After reaching 70-80% confluency in T-75, cells were cultured in fresh Free-FBS media 

for 1 day to synchronize cell cycle, and were then harvested using TrypLE for 5 to 15 min. After 

adding fresh media, cells were counted by a hemocytometer before being centrifuged at 900 rpm 

for 5 min. Media was discarded and cells were resuspended in fresh media with a working 

concentration of 1 × 106 cells/mL. Both HVFF and LSEC between passage 3 to 5 were used for 

this study. 

 

5.5.2 Experimentally Inducing Cell Resistance to Docetaxel Drugs 

LSCC were monthly exposed to escalating doses of DTX. LSCC were exposed to increasing doses 

(50nM, 100nm, 200nM and 400nM) for up to 4 months to induce the DTX-resistant phenotype on 

cancer cells. LSCC were exposed to DTX-enriched LSCC media for 3 days followed by a 3-day 

exposure of regular LSCC media. Experiments were performed on docetaxel-resistant LSCC (DR-

LSCC) after the escalating 4-month exposure of DTX.  

 

5.5.3 RNA-sequencing of Transcriptomic Profiles 

RNA-sequencing analysis was performed at the McGill Genome Centre. Transcriptomic profiling 

was performed on three cell groups cultured in conventional 2D flat monolayers: (1) the docetaxel-

resistant laryngeal cancer cells (DR-LSCCs), (2) non-treated laryngeal cancer cells (LSCCs), and 

(3) non-treated laryngeal epithelial cells (LSEC). The RNeasy® mini Kit was used to isolate and 

purify the RNA from cells according to the manufacturer’s guidelines. Such an analysis was 

carried out on LoBind tubes containing isolated RNA. A total of 5 replicates per group x 3 cell 

groups = 15 in total, and 150M reads per sample were conducted. For initial RNA quality check, 

concentrations were measured using the Qubit RNA HS Assay. Then, the RNA integrity profile 

was verified using a High sensitivity RNA screen tape. RNA libraries were constructed using 

the TruSeq Stranded Total RNA from Illumina following the manufacturer’s protocol. Library QC 

was measured by qPCR with the library quantification kit and LightCycler® 480 from Roche 

Diagnostics. Finally, the library profile was measured with a DNA High Sensitivity LabChip. Only 
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samples that met the RNA quantity and quality concentration of about 150ng/L were subjected to 

subsequent sequencing (Table 5-S1). 

5.5.4 RNA-sequencing Data Analysis 

RNA sequencing was processed using the TruSeq Stranded Total RNA With Illumina Ribo-Zero 

Plus rRNA Depletion workflow to obtain the LibQC results (Table 5-S1). Adaptor sequences and 

low quality score bases (Phred score < 30) were first trimmed using Trimmomatic.111 The resulting 

reads were aligned to the GRCh38 human reference genome assembly, using STAR.112 Read 

counts were obtained using HTSeq113 with parameters -m intersection-nonempty-

stranded=reverse. For all downstream analyses, we excluded lowly-expressed genes with an 

average read count lower than 10 across all samples. Raw counts were normalized using edgeR’s 

TMM algorithm114 and were then transformed to log2-counts per million (logCPM) using the 

voom function implemented in the limma R package.115 To assess differences in gene expression 

levels, we fitted a linear model using limma’s lmfit function. Nominal p-values were corrected for 

multiple testing using the Benjamini-Hochberg method. Gene set enrichment analysis (GSEA) 

based on pre-ranked gene list by t-statistic was performed using the R package fgsea 

(http://bioconductor.org/packages/fgsea/). In GSEA, scoring process was repeated 1000 times and 

p-value was determined by comparing how frequently the Enrichment score from the actual 

ranking surpassed that obtained from random permutations. Padj values were computed by 

evaluating the distribution of Normalized Enrichment Scores across numerous gene sets. KEGG 

pathway diagrams were generated using the visualization tools Pathview116 and KEGGscape.117 

The RNA sequencing data generated in this study have been deposited to the National Center for 

Biotechnology Information Gene Expression Omnibus (GEO) with accession codes GSE248302. 

 

5.5.5 Cell Cytotoxicity 

Cell viability assay was performed on LSEC, LSCC, and DR-LSCC with approximately 1 × 104 

cells seeded separately on 8-chamber slides. After reaching 100% confluency, 1µM DTX was 

added to the culture media in each of the slide’s chambers. At Day 3, cells were washed with 1x 

PBS before being stained, using a LIVE/DEAD viability/cytotoxicity assay kit with green-

fluorescent calcein-AM and red-fluorescent ethidium homodimer-1 dyes following the 

manufacturer's instructions. The slides were incubated for 30 min in darkness at room temperature 
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before being washed twice with 1x PBS. Zeiss Axiovert3 inverted fluorescence microscope with 

10× objective was used to acquire cell images with FITC (LIVE, green) and Cy3 (DEAD, 

red/orange) filters.  

MTT analyses were also carried out to obtain quantitative data on cell viability. For this assay, 

about 5 × 103 cells were seeded in individual 96 well plates following manufactures’ guidelines. 

A Spectramax i3 plate reader was used to determine the absorbance of MTT at λ = 570 nm. 

Percentage of cell viability was calculated using equation (1). 

Cell viability(%) =
(Non−treated control)−(treated celss)

Non−treated control
× 100     (1) 

 

The therapeutic effect of MTF on cells was determined using LIVE/DEAD staining and MTT 

readouts to obtain qualitative and quantitative cell cytotoxicity data. First, the effect of MTF (500 

µM, 1mM, 5mM and 10 mM) was assessed on HVFF, LSEC, LSCC and DR-LSCC after 3 days 

of exposure. Second, cytotoxic effect of the combination therapy MTF/DTX-loaded chitosomes 

were evaluated up to 7 days on the same groups and freeze-thawed DR-LSCC. Lastly, the 

morphology of the DTX-loaded chitosomes was examined by transmission electron microscopy 

using a FEI Tecnai G2 F20 Transmission Electron Microscope (TEM) at a voltage of 120 kV. The 

coagulation effect of DTX-loaded chitosomes was evaluated using the Activated Partial 

Thromboplastin Time (APTT) method118 up to 15min exposure. 

5.5.6 Autophagy Analysis  

Autophagy analysis was performed on LSEC, LSCC, and DR-LSCC following similar 

experimental conditions as that of the cell cytotoxicity analysis described above. By following 

manufacturer’s protocol, we discarded the media and added 100 μL of the Cell-Based Propidium 

Iodide solution in each well and cells were incubated for two minutes at room temperature. A 

washing step was proceeded with 100 μL of Cell-Based Assay Buffer. A 100 μL of the Cell-Based 

MDC solution was then added to each well and cells were incubated for ten minutes at 37°C. After 

another washing step, cells were imaged with a fluorescent microscopy at 63x magnification with 

Zeiss Axiovert3. 10µM tamoxifen was used as positive control. Dead cells were stained by 

propidium iodide and detected with a Texas Red filter. Autophagic vacuoles were stained by 

Monodansylcadaverine (MDC) and detected with a DAPI filter. Absorbance readouts were 
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conducted using the Spectramax i3 plate reader with UV-DAPI and Texas red wavelengths as 

specified by manufacturer guidelines. 

5.5.7 Immunocytochemistry Analysis 

DR-LSCC, LSCC, and LSEC were fixed with 4% paraformaldehyde in PBS for 10 min at room 

temperature. Then cells were blocked with 0.1% Triton X-100 in PBS (blocking solution) for 30 

min at room temperature. Followed by blocking with 10% normal goat serum with 0.5% Triton 

X-100 in PBS (blocking solution) for 30min at room temperature. Fluorochrome-conjugated 

primary antibodies with a 1/150 ratio: ALEXA488/TUBIII, eFluor615/ki-67, ALEXA647/EGFR, 

ALEXA488/OCT3-4, ALEXA594/PI3KCA, ALEXA647/p53, ALEXA488/ECAD, 

ALEXA555/αSMA, and ALEXA647/Vim were diluted in blocking solution and incubated at 37°C 

for 1h. DAPI was applied for 10 min at room temperature. The cells were then imaged with 10x 

magnification using the Zeiss Axiover3 using filters corresponding to the conjugated antibody and 

retrieved using Imaris version 9.5.1 Software. 

 

5.5.8 mTOR Enzyme-linked Immunosorbent Assay (ELISA) 

Expression of pan-mTOR and phospho-mTOR was analyzed on DR-LSCC, LSCC, and LSEC, 

ELISA was used to quantify the intracellular mTOR expression. In brief, cells were washed with 

PBS, followed by adding the lysis buffer. Cells were solubilized at about 4 x 107 cells/mL in 

prepared Cell Lysate Buffer by gently pipetting up and down to resuspend the pellet. Lysates were 

incubated with shaking at 4°C for 30 minutes. Microcentrifuge at 13,000 rpm for 10 minutes at 

4°C and transfer the supernatants into a clean test tube. Lysates were 80-fold diluted with Assay 

Diluent. We continued following manufacturer’s guidelines and read at 450nm using the 

Spectramax i3 plate reader. 

 

5.5.9 MMP3 Activity Assay 

MMP3 Activity Assay was performed to measure MMP3 activity in cell culture media (secreted 

protein, 40-fold diluted) and cell lysates (intracellular protein, 100-fold diluted) from DR-LSCC, 

LSCC, and LSEC at 4 x 107 cells/mL. To directly measure MMP3 activity,119 cells (1 x 106) were 

homogenized in 200 μL ice-cold MMP3 Assay Buffer then centrifuged to remove insoluble 

material at 13,000 x g for 10 minutes. Sample volumes of 50 μL/well were mixed with Assay 
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Buffer in a 96-well plate. After reacting with the MMP3 substrate (prepared according to the 

protocol), the plate was read at Ex/Em = 325/393 nm twice in 2h using the Spectramax i3 plate 

reader. Read R1 at T1. Read R2 again at T2 after incubating the reaction at room temperature for 

60 min, protected from light. The RFU of fluorescence generated by hydrolyzation of the substrate 

is (2):  

ΔRFU = R2 – R1                    (2) 

 

5.5.10 ATP/ADP Assay 

To evaluate metabolic activity, intracellular ATP/ADP ratios were measured via ATP and ADP 

assays. DR-LSCC, LSCC, and LSEC at 4 x 107 cells/mL were washed twice in cold PBS before 

harvesting and diluted 80-folds. Cells were resuspended and homogenized in 100 µL of Assay 

Buffer IV/ADP Assay Buffer. Then, cells were incubated on ice for 10 min.  Samples were 

centrifuged for 5 minutes at 4°C at top speed to remove any insoluble material. Supernatant were 

collected and kept on ice. 50 µL of Reaction Mix was added to each standard, sample, and 

background control wells. Plate was incubated at room temperature for 30 minutes protected from 

light, followed by measuring the output using the Spectramax i3 plate reader at OD 570nm. 

 

5.5.11 Clonogenic Assay 

Colony formation was analyzed after exposure of DTX alone, DTX-loaded liposomes, and DTX-

loaded chitosomes, LSCCs were seeded in 24 well-plates at a density of 15 × 103 and incubated 

until full confluency up to 7 days. After treatments, the culture medium was removed, and the cells 

were washed twice with PBS. Then, cells were stained with 0.1% crystal violet (water 30%, 

ethanol 70%) in sterile water (0.5 mL/well) for 30 min at room temperature. After thorough 

washing, the colonies were analyzed via images taken with a cellphone camera.  

 

5.5.12 Microfluidic Analyses 

The microfluidic device Gradient Barrier-Free from BEOnChip (Zaragoza, Spain) was used for 

this analysis because of the desired representation of hypoxic tumor models. The device comprised 

two lateral channels, referred to drug-media and cancer channels in this study, interconnected via 

a central chamber referred to as stromal chamber. For cell seeding, microfluidic devices were 

warmed at 37°C for 24 hours, to prevent massive bubble formation. HVFF were embedded in a 
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2mg/mL collagen I gel following the gel preparation protocol of the manufacturer. After 

encapsulating HVFF in the collagen I gel, 7 µL of HVFF-containing gel was injected into the 

central chamber (stromal chamber). The central chamber inlet and outlet were sealed with adhesive 

tape provided by the BEOnchip. After 4h, cancer channel was coated with 0.5 mg/mL oral mucin 

1 solution to emulate a mucosal tumor as in vivo.84 After 1h, one wash with culture media was 

performed before injecting 15 µL cancer cells into the mucin-coated lateral channels (cancer 

channel). Cancer channel inlet and outlet were also sealed with plugs to create a diffusion gradient. 

After 1h, culture media was infused in the remaining lateral channel (drug-media channel) at a 

0.65 µL/min rate simulating interstitial flow using an Ismatec peristaltic pump (Figure 5-S12, 

Video 5-S1). The whole system was placed inside the Biosafety Cabinet to maintain sterile 

conditions.  

5.5.13 Functional Verification of Tumor-on-a-Chip 

5.5.13.1 Phenotypic Markers and Migration Assay 

DR-LSCC and HVFF were expected to overexpress βIII-tubulin13 and vimentin,120 respectively. 

Phenotypic markers were evaluated at Day 0 that occurred 24h after seeding cells into the 

microfluidic device with immunostating of ALEXA488/TUBIII and ALEXA647/Vim. Migration 

of HVFFs into the cancer channel were assessed after 1, 3, and 5 days. Controls comprised 4h 

exposures of (1) 10 mM MTF to hinder hypoxia/proliferation and (2) 200 µM deferoxamine to 

induce hypoxia/proliferation, respectively. Cells were imaged by 40x magnification using the 

Zeiss Axiovert3 using ALEXA488 and ALEXA647 filters and retrieved using Imaris version 9.5.1 

Software. 

5.5.13.2 Hypoxia/ Oxidative Stress Assay 

Nitroreductase activity in hypoxic cells was measured using a hypoxia detection kit. Briefly, DR-

LSCC and HVFF microfluidic cultures were evaluated during Day 0 at 6, 12, and 24 h. 

Deferoxamine (200 μM, hypoxia inducer) and Pyocyanin (200 μM, oxidative stress inducer) were 

used as positive control after 4h exposure. Cells were washed twice with PBS, and incubated with 

the hypoxia/oxidative stress detection mix for 30 min. Next, detection mix was discarded, and cells 

were washed twice with PBS. Cells were imaged by 63x magnification using the Zeiss Axiovert3 

with ALEXA488 and ALEXA594 filters and retrieved using Imaris version 9.5.1 Software. 
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5.5.14 Microfluidic Evaluation Combined MTF/DTX Strategy  

The set up of the chemosensitivity study was to mimic a 12 min intra-arterial injection of 

chemotherapeutics121,122 in vitro. A treatment of 1mM MTF was administered by 1-day 

continuously flowing in the drug-media microchannel. After the first 6h of MTF chemosensitizing 

infusion, 1µM DTX-loaded chitosomes (about 1 × 108 nanocarriers) or 1µM DTX were infused 

once for 12 min in the drug-media channel at 5µL/min to match the interstitial tumor injection 

rates.123 Then, MTF was infused for the rest of the day, i.e., 18 hrs. Drug-free media was flown 

afterwards until the end point of the study. 

Controls of 1mM MTF, 1µM DTX alone, and 1µM DTX-loaded chitosomes on DR-LSCC and 

HVFF were evaluated at Day 0 (100% confluent control) and time points for 1, 3, and 5 days in 

the co-culture setup. DAPI staining was used to image the cells after treatments at 10× 

magnification using the Zeiss Axiovert3 and Imaris version 9.5.1 Software. For cell counting, cell 

nuclei (10 µm) in two regions of interest (stromal chamber and cancer channel) were counted using 

the spot detection algorithm and DAPI mean fluorescence intensity. LIVE/DEAD staining was 

adapted from Section 5.5.5 to evaluate the combination therapies (MTF/DTX, and MTF/DTX-

loaded chitosomes) in the co-culture setup on Day 0 and 5. Zeiss Axiovert3 inverted fluorescence 

microscope with 40× objective was used to acquire cell images with FITC (LIVE, green) and Cy3 

(DEAD, red/orange) filters. 

In addition, LDH assay was performed to analyze cytotoxicity and verify the qualitative DAPI 

images. Supernatant was collected from drug-media outlets at 6, 12, 24, 60, 360 min after starting 

infusing nanoparticle (a 12-min injection). LDH percentages of cell viability were calculated using 

equation (1). To estimate drug retention within the microfluidic device, residual levels of 

nanoparticles and combination therapy MTF/DTX were measured in spent cell media. 

Nanoparticle retention was analyzed using the Nanosight NS300 nanoparticle tracking analyzer124 

whereas estimated drug retention of combined MTF/DTX was measured at OD 230nm (MTF OD 

= 233nm125 and DTX OD = 230nm13). Moreover, fluorescent chitosomes uptake13 after 6h 

inspection with the inverted microscope Zeiss Axiovert 3. DR-LSCC was anticipated to express 

EGFR considering that LSCC is known to stain positively with EGFR (ALEXA647/EGFR).126,127 

Considering the 24-hr co-culturing, HVFF was also expected to exhibit a transition to cancer-

associated fibroblast phenotype with positive EGFR stain.86,87 Cytokeratin 5 (ALEXA488/CK5) 
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is a squamous differentiation marker and is exclusively expressed on DR-LSCC.128 Cytokeratin 5 

would thus be used to differentiate DR-LSCC (CK5+) from HVFF (CK5- ). 

5.5.15 Statistical Analysis 

The data are reported as mean ± SD. The statistical significance of the differences was analyzed 

by one-way or two-way ANOVA (all assumptions were met) and Tukey as post hoc test to assess 

difference between pair groups using GraphPad Prism version 9.5.1. 
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5.7 Supplementary Information 

 

Table 5-S1. RNA quality and quantity of DR-LCC, LSCC, and LSEC. 

Sample Name Conc. 

(ng/ul) 

Volume 

(ul) 

Total 

(ng) 

Plate 

coor. 

Conc.(ng/ul) 

dil. 1/5 

Conc. 

(ng/ul) 

Volume 

(ul) 

Total RNA 

(ng) 

RIN 

DR-LSCC1 176.2 15 2643 A01 12.3 61.5 13 799.5 7.9 

DR-LSCC2 268.8 15 4032 B01 38 190 13 2470 6.3 

DR-LSCC3 172.3 15 2585 C01 10.6 53 13 689 8.6 

DR-LSCC4 175.8 15 2637 D01 37.2 186 13 2418 8.2 

DR-LSCC5 167.5 15 2513 E01 41.8 209 13 2717 8.5 

LSCC1 475.6 15 7134 F01 61.6 308 13 4004 8.5 

LSCC2 461 15 6911 G01 78.6 393 13 5109 8.4 

LSCC3 471 15 7064 H01 82.6 413 13 5369 8.9 

LSCC4 466 15 6984 A02 75.4 377 13 4901 8.6 

LSCC5 471 15 7068 B02 83.6 418 13 5434 8.6 

LSEC1 204 15 3065 C02 55.2 276 13 3588 8.3 

LSEC2 191 15 2858 D02 51.8 259 13 3367 8.3 

LSEC3 201 15 3012 E02 44.8 224 13 2912 8.2 

LSEC4 185 15 2778 F02 46.8 234 13 3042 8 

LSEC5 166 15 2487 G02 40.8 204 13 2652 9 
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Table 5-S2. Transcriptomic-related altered biological functions associated with docetaxel 

resistance. Adjusted p-values (Padj) were based on gene set enrichment analysis (Section 5.4. 

RNA-sequencing Data Analysis).  

OUR DATA  (LSCC vs. DR-LSCC) LITERATURE 

Altered 

function 

Gene Mutation 

Padj 

Cancer Chemoresistance 

Promotion 

Ref. 

Drug efflux ABBC3 Upregulated 

4.53E-06 

 

Pancreatic cancer cell lines 

PC3, DU145, and murine 

pancreatic cancer cells 

PI3K/Akt pathway 1 

Mucous barrier/ 

glycosylation 

MUC1 Upregulated 

0.0006312 

 

Pancreatic cancer cell lines 

LNCaP, PC3, and DU145, 

and xenografts mice 

models 

AR, and cancer stemness 

pathways 

2 

MUCL1 Upregulated 

3.54E-08 

 

Not available Not available Not 

available 

MUC2 Upregulated 

0.003701156 

 

Patient-derived breast 

cancer xenograft mice 

model 

Metastasis pathway 3 

MUC4 Upregulated 

5.02E-05 

 

Not available Not available Not 

available 

MUC5AC Upregulated 

1.55E-06 

 

Gastric cancer clinical 

samples, in-house cell line, 

and mice models 

Cancer stemness pathways 4 

 MUC17 Upregulated 

0.000135 

 

Not available Not available Not 

available 

 MUC15 Downregulated 

0.0814225 

Not available Not available Not 

available 

Endocytosis PIP5K1A Upregulated 

4.55E-07 

 

Breast cancer cell line 

MDA-MB-231, and mice 

xenograft tumors 

PI3K/Akt pathway 5 

 UBR3 Upregulated 

0.000112078 

 

Not available Not available Not 

available 

FOLR1 Upregulated 

0.004237585 

 

Prostate cancer cell lines 

PC3; C4-2 B and LNCaP  

ABC transporters 6 

 CAV1 Downregulated 

2.52E-10 

 

Breast cancer cell lines 

BT474, Hs578T, and 

MDA-MB-468 

Multidrug resistance and 

apoptosis pathways 

7 

Mitosis TUBB3 Upregulated 

2.65E-10 

 

Tongue squamous cell 

carcinoma HSC-3 cells 

PI3K/Akt pathway 8 

ALK Upregulated 

5.15E-05 

 

Non-small Cell Lung 

Cancer Patients 

EML4-ALK fusion gene  9 

 FRY Downregulated 

0.008727047 

Not available Not available Not 

available 

 KNL1 Downregulated 

2.72E-15 

Breast cancer cell line 

MDA-MB-231, and mice 

xenografts models 

Spindle assembly 

checkpoint kinase TTK  

10 
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Receptors PDGFR Upregulated 

0.001021801 

 

Human HNSCC of the 

oropharynx (11A) and 

larynx (14C) 

Platelet-derived growth 

factor receptor α, β. 

Angiogenic and cytokines 

pathways 

11 

NOTCH1 Upregulated 

0.000739924 

 

Tongue squamous cell 

carcinoma CAL27  

Pharynx squamous cell 

carcinoma FaDu 

NOTCH pathway 

participates in EMT 

12 

Metabolism PIK3CA Upregulated 

0.006980052 

 

Pancreatic cancer DU145 

human cell lines 

PI3K/Akt/mTOR pathway 13 

DEPTOR Upregulated 

4.06E-10 

 

Esophageal squamous cell 

carcinoma patients, and 

cell lines TE-1, TE-13, 

EC109, KYSE510  

IRS1/PI3K/Akt/mTOR 

pathway 

14 

CASTOR1 Upregulated 

9.73E-09 

 

Not available Not available Not 

available 

GSK3B Upregulated 

1.11E-05 

 

Human breast cancer cell 

lines MDA-MB-231, and 

MCF-7 

GSK-3β/β-Catenin 

Signaling Pathway 

15 

CYP24A1 Upregulated 

1.58E-07 

 

Pancreatic cancer patients, 

and HEK293T, DU145 and 

22Rv1 cell lines  

PI3K/AKT/mTOR pathway  16 

 IRS1 Downregulated 

5.28E-16 

Not available Not available Not 

available 

 SGK1 Downregulated 

5.63E-12 

Not available Not available Not 

available 

Hypoxia HIF1A Upregulated 

3.44E-05 

 

Human breast cancer 

patients, and cell lines MB-

231 and MB-468 

HIF-1α/miR-494/Survivin 

signaling pathway 

17 

Apoptosis NTRK1 Upregulated 

2.77E-06 

 

Not available  Not available Not 

available 

MDM2 Upregulated 

2.64E-09 

 

Mice-derived prostatic 

carcinoma cells 

Apoptosis and EMT 

pathway 

18 

TP53 Downregulated 

5.29E-08 

 

Non-small cell lung cancer 

A549, H460 and H1355 

cells, and mice xenografts 

models 

Apoptosis pathway 19 

 TNFRS11A Downregulated 

6.19E-07 

 

Lung adenocarcinoma 

H1299 and A549 cell lines 

mTOR pathway and 

correlation with GPI gene 

expression 

20 

 BCL2 Downregulated 

7.64E-11 

 

Prostate cancer cell lines 

PC-3 

Apoptosis pathway 21 

Cytokine 

production 

STAT1 Upregulated 

2.06E-08 

 

Colon carcinoma cell lines 

HCT116, DLD1, MCF7, 

SKOV-3 hTERT-BJ 

Interferon-related genes 22 

IL6 Upregulated 

1.79E-05 

 

Prostate cancer PC3 cell 

line 

STAT pathway 23 

CSF2RA Upregulated 

1.07E-08 

 

Pharynx carcinoma-

monocyte coculture FaDu–

THP 1 coculture 

Autophagy/IL-1β-associated 

pathways 

24 

Autophagy CFLAR-

AS1 

Upregulated 

0.000536234 

 

Not available Not available Not 

available 

ATG13 Upregulated 

6.57E-09 

Not available Not available Not 

available 
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ULK1 Upregulated 

4.75E-06 

 

Not available Not available Not 

available 

Metastasis SLC16A1 Downregulated 

0.005262002 

Not available Not available Not 

available 

 COL4A1 Downregulated 

3.28E-07 

 

Ovarian cancer cell line 
NCI/ADR-RES 

MAPK–Akt, Wnt, and 

Notch pathways 

25 
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Figure 5-S1. Heatmap of specific differences on drug metabolism (CYP family), HNC biomarkers, oncogenes, and 

tumor suppressors wit Z-score (-2 to 2). Red = upregulation, Blue = downregulation. 
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Figure 5-S2. Genes of interest from cancer pathway [hsa05200]. Blue = LSEC vs. LSCC; Red = LSEC vs. DR-LSCC; 

Light blue = LSCC vs DR-LSCC. Bars represent fold changes in gene expression (log 2). 

 

Figure 5-S3. Cancer pathway [hsa05200] LSCC vs DR-LSCC. Red = upregulation, Blue = downregulation. Color 

represents fold changes in gene expression. 
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Figure 5-S4. Chemoresistance marker expressions of LSEC, LSCC, and DR-LSCC was carried out via the staining 

of βIII-tubulin (referred as TUBIII), ki-67, EGFR, vimentin, E-Cadherin, α-Smooth Muscle Actin, PI3KCA, P53, and 

Oct-4. Scale bar = 40 µm. 
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Figure 5-S5. Simplified KEGG signaling pathways. (a) Representative LSCC vs. DR-LSCC mTOR pathway 

[hsa04150], and LSEC vs. DR-LSCC autophagy pathway [hsa4140]. Color bar of fold-change (-4 to 4). Red = 

upregulation; Blue = downregulation. 

 

Figure 5-S6. Transmission electron images of the DTX-loaded chitosomes along with ATPP coagulation assay. DTX-

loaded chitosomes showed absence of coagulation effect in comparison to 6mg/mL chitosan solution. Analyzed 

groups comprised APTT reagent added to (1) human plasma, (2) human plasma/DTX-loaded chitosomes, and (3) 

human plasma/chitosan solution. * p < 0.05. 
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Figure 5-S7. Mucin-related genes. (a) Representative upregulated mucin-associated genes LSCC vs. DR-LSCC. (b) 

Genes of interest from the mucin pathway. Blue = LSEC vs. LSCC; Red = LSEC vs. DR-LSCC; Light blue = LSCC 

vs DR-LSCC. Bars represent fold changes in gene expression (log 2).  * p < 0.05. 
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Figure 5-S8. Combined metformin/docetaxel treatment with resistant laryngeal cancer cells after a single freeze/thaw 

cycle. Cytotoxic evaluation via (a) LIVE/DEAD staining. Green = live cells; Orange = dead cells. Scale bar = 40µm 

(b) MTT cytotoxic analysis. DR-LSCC data from Figure 8c was included for cell viability comparisons. (c-d) 

Clonogenic studies, and (e) Autophagy studies on laryngeal cancer cells with scale bar = 10µm. Blue = autophagy 

activity; Red = dead cells. * p < 0.05, **** p < 0.0001. tDR-LSCC = thawed DR-LSCC. 
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Figure 5-S9. Cytotoxic effect of the combination MTF/DTX therapy of the tumor-on-a-chip. (a) Brightfield images 

of the microfluidic device and schematic representation of the drug uptake. Cytotoxic effect via (b) DAPI inspection 

up to 5 days. Scale bar = 100 µm. Magenta line = collagen gel limit. (c) Cell count using Spot detection algorithm on 

DAPI images up to 5-day inspection. * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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Figure 5-S10. Drug uptake of the MTF/DTX combination therapy within the microfluidic device, and fluorescent 

chitosome (orange) uptake by LSCC (red/EGFR, green/CK5) after 6h analysis. 

 

 

Figure 5-S11. Representative genes associated with docetaxel resistance in DR-LSCC. Figure created with 

BioRender.com. 

LSCC

5µm 10µm

LSCC
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Figure 5-S12. Microfluidic setup of the cancer/stromal co-culture and cell seeding evaluation. 

Video 5-S1. Supplementary video of microfluidic setup and injection of fluorescent chitosomes. Provisional link prior 

publication: Video S1.mp4 

  

https://mcgill-my.sharepoint.com/:v:/g/personal/christian_moyagarcia_mail_mcgill_ca/EYymoI9NahdArf1dWa7C5yEBNch34PK-vaY1iBeIucssLw?e=QYJnjt
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Chapter 6. Discussion  

This thesis focused on the in vitro evaluation of a combination therapy to improve the treatment 

of DTX-resistant laryngeal carcinoma. Such combination therapy was intended to treat mucin 1-

overexpressing primary tumors of locally-advanced head and neck cancer or secondary tumors 

(stage III/IV). A promising strategy for delivery of DTX to laryngeal cancer cells was provided by 

the DTX-loaded chitosome. The developed chemoresistant laryngeal cancer cells offered a model 

to study genotypic features in experimentally induced DTX resistance. Laryngeal-tumor-on-a-chip 

models were used to evaluate a potential chemosensitizing strategy  with MTF in a physiological 

fashion. This work will expand our ability to understand the molecular nature of chemoresistance. 

Study limitations and future prospects of this thesis are described below. 

6.1 Chitosomes as DTX drug carriers 

The proposed cationic chitosome systems to deliver DTX was devoted as a mucoadhesive platform 

to adhere onto anionic laryngeal mucosae [1]. However, the current DTX delivery system was only 

tested on an in vitro phantom comprised of an anionic mucin dispersion. Further quantitative 

techniques can be implemented to study the expected mucoadhesive behavior of the chitosomes. 

For example, Scurti et al. investigated the interaction between chitosomes and intestinal cells in 

real time using wide-angle surface plasmon resonance (SPR) spectroscopy [2]. Compared to non-

coated nanocarriers, a 10-time greater cell interaction was observed with chitosome. By 

implementing SPR technique, electrostatic interactions of cationic chitosomes with anionic 

membrane of laryngeal cancer cells would be depicted as an additional proof of the mucoadhesive 

properties of chitosome. 

One study limitation is related to an overlook of Enhanced Permeability and Retention (EPR) 

effect in the proposed chitosome delivery system. Our system design was expected to allow for 

passive targeting and accumulation of the nanocarriers when they reach the tumor and pass through 

fenestrae of the 380 to 780 nm at the tumor vasculature, owning to the EPR effect [1,3]. Thus, 

DTX-loaded chitosomes were designed to have a nanocarrier size within the range of 100-130nm 

for passive targeting [1]. However, recent findings challenge the EPR notion, indicating that the 

process of delivering nanoparticles into tumors is more intricate. Specifically, nanoparticles could 

be transported into the tumor tissue by a specific subtype of endothelial cells, known as 
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nanoparticle transport endothelial cells, through an active transport mechanism [3,4]. In our work, 

we only examined the biological effect of DTX-loaded chitosomes on laryngeal cancer cells, 

stromal fibroblasts, and red blood cells, but not endothelial cells. A study involving the endothelial 

cells would further elucidate the delivery mechanism of DTX by chitosomes to laryngeal tumors 

and provide a more holistic approach to the complexity of the tumor microenvironment in order to 

formulate more effective nano-based therapeutics. 

6.2 mTOR inhibitor metformin as a potential chemosensitizing agent to DTX  

A significant challenge in the treatment of laryngeal cancer is the development of resistance to 

chemotherapy [5], particularly to the DTX. To better understand the development of the DTX-

resistant treatment, we devised a DTX-resistant laryngeal cancer cell model using 4-month 

stepwise intermittent cell exposures to DTX. We also characterized the presumed resistant profile 

via transcriptomic analysis, cytotoxicity assay, and protein expression. The chemoresistant 

behavior of DR-LSCC was marked by the upregulation of genes associated with autophagy, 

microtubules, receptors, epithelial adherence, mitochondrial activity, hypoxia, cytokine 

production and PI3K/mTOR-related metabolism. This finding identified a pool of candidate genes, 

namely ATG13, TUBB3, ABCC3, CDH1, V-type, ATP6V1A, MT-ND1, HIF1A, MMP3, and 

DEPTOR that can be used to benchmark future preclinical chemoresistant laryngeal tumor models, 

through our intermittent drug exposure, CRISPR/Cas 9 technology or other gene editing strategies. 

In this thesis, mTOR pathway was chosen as a DTX-resistant cell sensitization target to improve 

laryngeal cancer treatment.  At this end, MTF was chosen given its inhibition effects on the mTOR 

pathway [6]. MTF is a first-line drug in the treatment of type II diabetes; however, MTF as 

adjuvant chemosensitizing treatment for non-diabetics cancer patients is still on debate because of 

its specificity to increase insulin levels when it is not needed debate [7]. The strategy of using MTF 

was also that this drug induces several metabolic changes in cancer cells, including a reduction in 

glucose oxidation and an increased reliance on reductive glutamine metabolism [8].  

Other  mTOR inhibitors can be considered to sensitize laryngeal cancer cells to DTX, repurposing 

other types of FDA-approved mTOR inhibitors may be beneficial for cancer overtreatment. For 

example, sensitizing effect of everolimus, a rapamycin analogue used as an immunosuppressant 

in organ transplantation, has been investigated for head and neck cancer [9–11]. To date, phase 
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I/II clinical trial data support the use of everolimus as adjuvant therapy for cisplatin, docetaxel, 

and cetuximab in locally advanced squamous cell carcinomas of head and neck [9–11]. These 

results provide some evidence that everolimus may be another potential candidate to inhibit mTOR 

and sensitize cells to DTX treatment, avoiding the controversy of the MTF’s effect on non-diabetic 

cancer patients. 

6.3 Tumor-on-a-chip as a biomimetic in vitro system for drug testing  

We used a 2-channel microfluidic device to co-culture stromal laryngeal cells and DR-LSCC as a 

laryngeal tumor-on-a-chip model in this study. By using this chip model, we could mimic the 

tumor hypoxic core, in which cells showed hypoxic and oxidative stress behaviors. We were able 

to control the delivery of the MTF/DTX-loaded chitosomes through the microchannel. In this 

study, we only implemented two cell types and two drugs sequentially flowing in the same channel. 

However, multicellular and multidrug studies have been explored in organ-on-a-chip research of 

lung, breast, liver, colorectal, and thyroid cancers [12]. For example, Riley et al [13] investigated 

a combined JNK inhibitor and etoposide drugs on cultured patient-derived thyroid carcinoma 

tumor slices in a single tissue well for up to 4 day-inspection. Head and neck tumors are 

heterogenous with a unique tumor microenvironment and have strong immune-stromal-tumor 

interactions (cell-cell crosstalk) [5]. For example, patient-derived tumor slices from thyroid 

carcinoma were cultured in a single tissue well to study a combined JNK inhibitor and etoposide 

drugs up to 4 days [13]. Their roles in drug sensitivity and resistance are under-studied for 

laryngeal cancer. For that reason, culturing laryngeal-tumor slices on chip models may support the 

analysis of multi-cellular thick biological samples.  

Further, this study has only focused on the cancer-stromal interface to echo the laryngeal tumor 

core. However, microfluidic platforms facilitate the concurrent compartmentalization of various 

cell populations while maintaining a continuous flow of culture media [5,14]. To further emulate 

the tumor core, different cell types can be incorporated into the tumor-on-a-chip model. Tumor-

associated macrophages are found in the tumor core where sequester nanoparticles [3,15]. For 

example, in a pancreatic cancer-on-a-chip study that focused on the triculture of cancer, stellate, 

and macrophages in a 2-chamber device [16]. A 3-day multidrug immunostaining evaluation 

involves a perfusion of gemcitabine, liposomal clodronate, and all-trans retinoic acid. Results 
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showed a significant 2-fold increase in the chemotherapy effect on the tumor-on-a-chip model 

compared to no treatment controls. Macrophage incorporation within the microfluidic setup would 

then improve our laryngeal tumor-on-a-chip model to further study preclinical multidrug 

cytotoxicity. 

6.4 Translational potential 

Overtreatment in laryngeal cancer is a pressing issue due to the considerable physical and 

emotional side effects experienced by patients. A study conducted by Saghafi et al. [17] elucidated 

patients' experiences during the treatment of head and neck cancer, revealing the adverse 

symptoms and emotional challenges encountered. Overly aggressive treatments, such as extensive 

surgery and high-dose chemotherapy, contribute to these difficulties. De-escalation of treatment is 

essential to minimize adverse effects while maintaining therapeutic efficacy [18]. Current 

approaches to de-escalation involve refining the selection of patients for aggressive treatment and 

optimizing therapies [18]. Strategies such as elective nodal volume and dose de-escalation have 

already been explored in clinical trials [19]. These efforts aim to strike a balance between effective 

cancer control and preserving patients' quality of life [17]. 

Laryngeal cancer patients may benefit from the use of chemosensitizers and drug delivery systems. 

To sensitize cells, we evaluated 1mM of the metformin [20,21] as performed in our in vitro studies. 

The implemented dose of 1mM to sensitize laryngeal cells is less than the 500-2500mg MTF daily 

prescription for diabetic patients [22]. Oral intake of MTF is hypothesized as chemosensitizing 

treatment, but further animal and clinical studies are required to validate MTF administration route. 

Our proposed delivery systems would allow to convey necessary therapeutic doses, and reduce 

exposure to adjacent healthy tissues and minimize the likelihood of side effects [23]. We proposed 

the use of lipid nanoparticles to encapsulate 1µM of docetaxel as performed in our in vitro 

cytotoxic studies [1]. Such concentrations are lower than those reported in systemic delivery 

(75mg/m2 docetaxel every 3 weeks [24]) to reduce the risk of overtreatment. In contrast to non-

coated anionic liposomes, the presence of a chitosan coating on the chitosomes acted as an external 

physical barrier, which resulted in a prolonged release of DTX [1] as reported in the literature 

[25,26]. This release serves as a slow and constant therapy to avoid frequent reinjection of the drug 

within tumor via the proposed locoregional intra-arterial delivery [1] or systemic delivery 
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potentially targeting Mucin 1-overexpressing metastatic tumors. The reason of the presumed 

metastatic targeting relates to our DTX-loaded chitosomes showing electrostatic interaction with 

Mucin 1-rich dispersion via turbidimetry and absorbance respective analyses [1], which may result 

in the chitosomes being internalized by secondary tumors, i.e., metastasized tumors.  

In addition, since liver and renal impairment influence docetaxel pharmacokinetics [27,28] a 

locoregional administration of drug-loaded chitosome would circumvent that treatment 

impediment and potential systemic overtreatment by reducing systemic delivery. Research 

indicates that after intravenous administration, a significant portion of nanoparticles, ranging from 

30% to 99%, is retained in the liver and spleen  [3,29], and only as few as 1 in 100,000 of the 

injected nanoparticles reach tumor cancer cells [3,29]. Since our DTX-loaded chitosome is 

designed for locoregional delivery of chemotherapeutics attributed to its mucoadhesive properties, 

it could serve a viable option to support localized treatments of laryngeal cancer. Further, 

considering intravenous approaches for our chitosome delivery system, in vivo models would be 

required to assess the biodistribution of the DTX-loaded chitosomes, where liver and spleen would 

be the target organs for such analysis. Taken into consideration intra-arterial delivery, organ 

toxicity in the liver and spleen must be analyzed to determine nonspecific accumulation of 

nanoparticles and pharmacokinetics since treatment may circulate throughout the body until 

clearance [3,28,29]. 

6.5 Future prospects 

Ample opportunities exist to further customize and engineer proposed biomaterials and devices 

that will enhance their practicality and benefits in clinical applications. Examples include 

chitosome delivery approaches, engineered chemoresistance cell lines, and air-liquid microfluidic 

devices (Figure 6-1). A high-level summary and key hypotheses of these ongoing and future works 

are detailed below.  
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Figure 6-1. Future prospects of this thesis work. (a) Postoperative administration of chemotherapy-loaded chitosomes 

embedded in a hydrogel. (b) CRISPR-Cas 9 system for chemoresistant gene editing on head and neck cancer cells. (c) 

Laryngeal-on-a-chip with an air-liquid interface. Image created using BioRender.com. 

6.5.1 Administration of chemotherapy-loaded chitosomes 

Nano-based drug delivery systems are proposed to improve the biodistribution, pharmacokinetics 

and pharmacodynamics of chemotherapy agents [30–32] like DTX. We expect the volume of the 

DTX-loaded chitosomes in solution would be up to 1cc [33–35] to keep the airway patency and 

reduce the tumor size for further surgical intervention. By administering the chitosome 

locoregionally at the laryngeal site, this rapid entry of nanoparticles may result in a faster onset of 

therapeutic effects with reduced systemic side effects. Ongoing nanocarriers studies are exploring 

localized systems that bypass systemic circulation, thereby mitigating the associated drug 

toxicities throughout the body [36].  

Postoperative tumor therapy may also be an alternative administration for chitosomes [37–39]. 

Chitosomes may be loaded into hydrogel/nanocomposites for local application after tumor 

ba

c
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resection (Figure 6-1a). Inhibition of cancer relapse may be facilitated by adhering chitosome-

containing hydrogels on the defect after tumor resection, in which has been proposed in tumor-

bearing mice studies of cervical [38] and breast [37] cancers. In our study, we restrained from 

using animal models concerning the hurdles of laryngeal carcinogenesis that may lead the animal 

subject to asphyxiate. However, having an ideal laryngeal cancer animal model, the postoperative 

tumor approach of chitosome delivery could be further investigated, where the expected 

therapeutic effect of the chitosome-containing hydrogels would last in the tumor bed between 21 

and 24 days [38, 37]. 

6.5.2 Development of novel chemoresistant cancer cell models 

In this thesis, a stepwise intermittent method was implemented to induce DTX resistance on 

laryngeal cancer cells. Methods for preserving cell lines resistant to drugs are delineated, 

encompassing strategies such as sustained exposure to chemotherapy, intermittent chemotherapy 

pulse treatments, or reverting to original drug-resistant cell models [40,41]. The variability 

observed in drug-resistant models derived from identical parent cell lines treated with the same 

chemotherapy agent is investigated, particularly in relation to ABC subfamily [40,41]. The 

diversity within drug-resistant cell lines mirrors the heterogeneity observed in clinical drug 

resistance [40]. However, techniques other than our intermittent methods could be implemented 

to induce drug resistance in cancer cells. 

Gene editing techniques like CRISPR/Cas 9 can be used to induce genotypical changes in cells 

[5], which can be applied for chemoresistance induction (Figure 6-1b). CRISPR/Cas9 genome 

editing comprises the deployment of a single-effector Cas9 protein for inducing double-stranded 

breaks in the designated DNA target, and a single guide RNA to direct the Cas9 complex to the 

specific genomic region of interest [5,42,43]. Nevertheless, identifying molecular targets for 

inducing chemoresistance is crucial to develop resistant cell models using CRISPR/Cas 9 

technology. For chemoresistant induction in HNC cells, gene editing can be directed towards the 

EGFR/PI3K/mTOR pathway [5]. Another potential marker for inducing chemoresistance is Ly6D 

[44]. The surface marker Ly6D is associated with laryngeal chemoresistance through the miR-

509/β-catenin signaling pathway [44], making it a potential target for inducing treatment resistance 

via gene editing on laryngeal cancer. 
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6.5.3 Incorporation of air-liquid interface in laryngeal tumor-on-a-chip models  

Recent microfluidic platforms designed to mimic airways, especially those incorporating an air-

liquid interface feature [45–48], are well-suited for modeling HNC [5] (Figure 6-1c). This 

suitability arises from the laryngeal anatomical site that represents a constant air exposure to 

laryngeal mucosae [5]. Implementing a microfluidic platform that incorporates an air-liquid 

interface for multidrug drug screening [5] may be a valuable to laryngeal-tumor-on-a-chip model. 

The presence of air-liquid interface is essential to study cancer biology [49]. The therapeutic effect 

of drugs may have a different impact considering if cells are exposed to air-liquid interfaces or just 

conventional media-related cultures. 

 The air-liquid interface epithelial culture model may exhibit different therapy response when 

compared to the in vivo epithelium [50]. Considering that air-liquid interface cultures mimic 

essential structural, biochemical, and operational aspects of the natural epithelium, such as the 

production of mucus and the movement of cilia [50]. However, chip cultures may approximate the 

emulation of such in vivo epithelial conditions in a monitorable fashion. To accomplish such a 

task, for example, an air-liquid interface methodology was described to culture 3D tumoroids of 

lung adenocarcinoma cells using transwell inserts in 24-well plates [51]. In a study for pulmonary 

effect of manufactured nanomaterials, a similar transwell-based methodology was implemented to 

develop a pulmonary air-liquid interface to test nanoparticle doses [52]. Results from the 30min 

nanoparticle exposure showed that a 0.17µg/cm2 dose of TiO2 nanoparticles caused a 5-fold 

increased cytotoxicity in the pulmonary air-liquid interface compared to controls exposed to 

humidified clean air. With that in mind, such transwell-based epithelial cultures may be adapted 

using microfluidic devices to test chitosome-driven therapies for laryngeal cancer treatment. 
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Chapter 7. Conclusion 

The overall objective of the presented thesis was to evaluate a de-escalation strategy for 

chemoresistant laryngeal cancer. Chitosan-coated liposomes was developed as a drug delivery 

system for DTX. The application of cationic chitosan coating on anionic nanoliposomes enabled 

them to improve the DTX retention and mucoadhesiveness in comparison to non-coated 

nanocarriers. We also developed a cell line of DTX-resistant laryngeal squamous cell carcinoma, 

namely, DR-LSCC, using a step-wise drug escalating approach. Our DR-LSCC showed 

comparable transcriptomic and phenotypic profiles as known in head and neck cancer literature. 

We then evaluated the cytotoxicity effects of MTF and DTX-loaded chitosomes on resistant 

laryngeal cancer cells and stromal vocal fold fibroblasts that were co-cultured on microfluidic 

chips. This laryngeal-tumor-on-a-chip emulated hypoxic tumor core that was known as one key 

factor affecting drug sensitivity in cancer cells. We observed that in combination with MTF, DTX-

encapsulated in chitosomes exhibited sustained and controlled release, leading to higher cell death 

in DR-LSCC and stromal vocal fold fibroblasts compared to non-encapsulated drug treatments. In 

summary, overcoming chemoresistance is a vital step towards improving laryngeal cancer 

treatment outcomes and patient’s quality of life. In this thesis project, the proposed drug delivery 

systems, a chemoresistant cell line and a laryngeal-tumor-on-a-chip platform will serve as useful 

experimental tools for basic research in understanding chemoresistance, as well as, translated 

research in novel drug design for restoring tumor sensitivity in future. 
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