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A B S T R A C T

Head and neck squamous cell carcinoma (HNSCC) presents a significant challenge worldwide due to its 
aggressiveness and high recurrence rates post-treatment, often linked to cancer stem cells (CSCs). Melatonin 
shows promise as a potent tumor suppressor; however, the effects of melatonin on CSCs remain unclear, and the 
development of models that closely resemble tumor heterogeneity could help to better understand the effects of 
this molecule. This study developed a tumor scaffold based on patient fibroblast-derived decellularized extra
cellular matrix that mimics the HNSCC microenvironment. Our study investigates the antitumoral effects of 
melatonin within this context. We validated its strong antiproliferative effect on HNSCC CSCs and the reduction 
of tumor invasion and migration markers, even in a strongly chemoprotective environment, as it is required to 
increase the minimum doses necessary to impact tumor viability compared to the non-scaffolded tumorspheres 
culture. Moreover, melatonin exhibited no cytotoxic effects on healthy cells co-cultured in the tumor hydrogel. 
This scaffold-based platform allows an in vitro study closer to HNSCC tumor reality, including CSCs, stromal 
component, and a biomimetic matrix, providing a new valuable research tool in precision oncology.

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) ranks as the sixth 
most common solid cancer worldwide [1]. HNSCC is characterized for 
its aggressive behavior and high recurrence rates even after successful 
treatment [2]. While surgery, radiotherapy, and chemotherapy stand as 
effective modalities for treating early-stage tumors, their efficacy can be 
compromised by the emergence of resistance, rendering the outcomes of 
radiotherapy or chemotherapy unpredictable. The poor therapeutic 
response observed in patients with advanced HNSCC highlights the need 

for a deeper understanding of the mechanisms involved in the disease 
pathogenesis, as well as the search for novel treatments that can improve 
current therapeutic strategies or mitigating their side effects.

Recent studies have highlighted the oncostatic effects of melatonin 
(N-acetyl-5-methoxytryptamine, aMT) in different types of cancers [3]. 
Especially, in HNSCC strong evidence supports the efficacy of melatonin, 
both in vitro and in vivo, in regulating mitochondrial function and driving 
apoptosis by increasing mitochondrial reactive oxygen species (ROS) [4,
5]. In this way, this indolamine reduces cell proliferation and enhances 
the effects of radio and chemotherapy [6,7].
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Current evidence demonstrates that tumor and pharmacological 
behavior largely depends on stromal components and their connection 
with malignant cells. The tumor microenvironment (TME) is a complex 
and dynamic network that continually changes its composition and 
state. It comprises diverse cell types such as fibroblast (FBs) and 
mesenchymal stem cells (MSCs), as well as extracellular matrix (ECM) 
molecules and signaling cues that can either inhibit or promote tumor 
growth [8]. Moreover, cancer stem cells (CSCs), which constitute a small 
subset within the tumor mass, have been identified as key orchestrators 
of the TME and tumor progression. In fact, CSCs are responsible for drug 
resistance and subsequent tumor recurrence in patients, rendering them 
a prime target of interest in cancer therapeutics [9].

Traditionally, cancer pharmacological studies have predominantly 
relied on conventional two-dimensions (2D) models. However, these 
models inadequately replicate the TME complexity, whether cell-cell or 
cell-matrix mimetic interactions, tumor vascularization, and many of 
the known features of tumors in vivo, contributing to the challenge of 
translating promising preclinical and basic research findings into clin
ical applications [10]. In contrast, three-dimensional (3D) models offer a 
more physiologically relevant platform, even incorporating 
patient-derived endogenous ECM proteins [11]. In this context, decel
lularized ECMs (dECMs) have emerged as a powerful biomaterial for 
mimicking the tumoral native context, as they preserve essential ECM 
components and provide mechanical integrity and biocompatibility of 
the native ECM [12]. In particular, given that tumor-associated FBs are 
the main producers of ECM biomolecules within the TME, FBs-derived 
dECM (fdECM) has been used to investigate the cellular behavior of 
tumor cell lines in several biofabricated 3D niches [13].

In the present study, we engineered a tumor matrix-based scaffold 
model of HNSCC microenvironment, integrating CSCs derived from the 
established HNSCC cell line Cal-27, along with representative stromal 
components including primary FBs and MSCs. For the non-cellular 
component, we developed and characterized a fdECM, which was 
incorporated with other biomaterials such as alginate and gelatin to 
fabricate a 3D hydrogel. This approach enabled the creation of a func
tional model that more accurately replicates the native conditions of 
HNSCC. Moreover, we investigated the antiproliferative effects of 
melatonin on this 3D model and evaluated its impact on the tumor 
phenotype. We compared these findings with outcomes observed in 
traditional non-scaffolded models. Through our study, we aimed to 
provide insights into the efficacy of melatonin in modulating HNSCC 
CSCs behavior within a physiologically relevant TME context.

2. Materials and methods

2.1. Cell cultures and treatment

2.1.1. Cell lines isolation and culture
The human HNSCC established cell line Cal-27 (ATCC: CRL2095) 

was obtained from the Cell Bank at the Scientific Instrumentation Centre 
of the University of Granada. MSCs and FBs were isolated from skin 
tissue from healthy subjects after aesthetic abdominal surgeries (ethics 
committee reference: 0467N-20) via enzymatic digestion with collage
nase I (Sigma Aldrich). Cells were maintained in high glucose Dulbec
co’s Modified Eagle Medium (DMEM; Gibco), supplemented with 10 % 
fetal bovine serum (FBS; Gibco) and 1 % penicillin-streptomycin (Gibco) 
in culture flasks at 37 ◦C in a humidified atmosphere of 5 % CO2. FBs 
were used between passages 4 and 10. MSCs were used between pas
sages 4 and 6.

2.1.2. Tumorspheres formation
For the enrichment of CSCs and the formation of primary spheres, 

Cal-27 tumor cells were washed with phosphate-buffered solution (PBS; 
Medicago) and resuspended at a concentration of 250,000 cells/well in 
ultra-low attachment 6-well plates (Corning) with serum-free culture 
medium composed of DMEM:F12 (Gibco), 1 % penicillin-streptomycin, 

2 % B27 (Gibco), 10 μg/mL insulin-transferrin-selenium (ITS; Gibco), 1 
μg/mL hydrocortisone (Sigma Aldrich), 4 ng/mL heparin (Sigma 
Aldrich), 10 ng/mL Epidermal growth factor (EGF; Sigma Aldrich), 10 
ng/mL Fibroblast growth factor (FGF; Sigma Aldrich), 10 ng/mL 
Interleukin-6 (IL-6; Miltenyi Biotec) and 10 ng/mL Hepatocellular 
growth factor (HGF; Miltenyi Biotec). To obtain the secondary spheres, 
referred to as tumorspheres, cells from primary spheres were collected 
by centrifugation and dissociated with 0.25 % trypsin - 0.02 % EDTA 
(Gibco). Then, single cells were resuspended in the serum-free culture 
medium and plated at the same concentration of 250,000 cells/well in 
ultra-low adherence 6-well plates. After three days in low adherent 
culture with the described medium specific for CSCs enrichment [14], 
the cells were aggregated to form the secondary tumorspheres used in 
subsequent experiments.

2.1.3. CSCs characterization by flow cytometry
To characterize CSCs, flow cytometry studies were performed. 

Tumorospheres were trypsinized, washed and resuspended in PBS with 
1 % bovine serum albumin (BSA; Sigma-Aldrich). Cells were centrifuged 
followed by the addition of fluorochrome-conjugated monoclonal anti
bodies for CD98 and CD44 (Miltenyi Biotec) according to the manu
facturer’s instructions and incubated at 4 ◦C in the dark for 12 min. After 
adding BSA, cells were centrifugated and resuspended in PBS and 
analyzed by flow cytometry in a FACSCanto II cytometer (BD Bio
sciences). ALDH1 activity was analyzed following the ALDEFLUOR kit- 
manufacturing instructions (Stem Cell Technologies), using harvested 
Cal-27 cell monolayer as a control.

2.1.4. Melatonin treatment
Melatonin (Fagron Ibérica S.A.U., Zaragoza, Spain) stock solution 

was prepared in 15 % propylene glycol (VWR)-PBS and filter-sterilized 
through a 0.2 μm pore filter (Labox). Melatonin treatment was 
refreshed at 24 h, and its effect was evaluated at 24 and 96 h after 
administration [15]. Tumorspheres cultured in suspension were treated 
with melatonin at concentrations of 500, 1,000, 1,500, 2,000 and 3,000 
μM, while tumorspheres in hydrogels were treated with melatonin at 
concentrations of 2,000, 4,000 and 8,000 μM. Vehicle was added to the 
control groups.

2.1.5. Melatonin determination by HPLC
The determination of melatonin was measured from samples of the 

medium. The samples were then analyzed by HPLC (Shimadzu Europe 
GmbH, Duisburg, Germany) using a Waters Sunfire C18 column (150 ×
4.5 mm, 5 μm). Melatonin fluorescence was measured using a Shimadzu 
RF-10A XL fluorescence detector (Shimadzu Europe GmbH) with 285- 
nm excitation and 345-nm emission wavelengths [16].

2.2. fdECM production

To enhance fECM deposition, FBs were cultured in 150 × 20 mm 
petri dishes (Nunc). Once FBs reached full confluence, 0.17 mM L- 
ascorbic acid (Sigma Aldrich) and 0.34 mM L-proline (Sigma Aldrich) 
were added to the culture medium (described in section 2.1). The me
dium was refreshed every 2–3 days during 21 days.

After that period, the fECM was washed with PBS and decellularized 
using different buffers. First, the fECM was incubated in a chemical 
buffer containing 0.25 % triton X-100 (Sigma Aldrich) and 10 mM 
ammonium hydroxide (Sigma Aldrich) at 37 ◦C overnight (15 mL/petri 
dish). After washing it with PBS, the fECM was collected in a tube using a 
scrapper and incubated in an enzymatic buffer of 0.25 % trypsin - 0.02 % 
EDTA at 37 ◦C for 30 min (2 mL/500 μL ECM). Finally, the fECM was 
washed twice with PBS and centrifugated at 1,800 rpm for 10 min and 
incubated in an enzymatic buffer consisting on 10 mM TrisHCl (Sigma 
Aldrich), 50 U/mL DNase I (Sigma Aldrich) and 50 μg/mL RNase (Sigma 
Aldrich) at 4 ◦C overnight (2 mL/500 μL ECM). The resulting fdECM was 
washed with PBS and stored at 4 ◦C. After lyophilization, fdECM was 
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stored at − 20 ◦C.

2.3. fdECM characterization

2.3.1. Quantification of collagens, glycosaminoglycans (GAGs) and DNA
Collagens content was measured using a colorimetric assay based on 

Sirius Red dye. First, matrices were incubated in Sirius Red dye (Sigma 
Aldrich) at a ratio of 1 mL per mg of matrix under agitation at room 
temperature for 1 h. The mixture was then centrifuged at 13,000 rpm for 
15 min and the supernatant was removed. Then, 250 μL of alkaline re
agent 0.1 M NaOH were added to the pellet and mixed thoroughly. 
Finally, 100 μL of the supernatant were taken to measure absorbance at 
540 nm in a spectrophotometer. Collagen concentrations were calcu
lated from a standard curve prepared with increasing concentrations of 
rat tail type I collagen (Sigma Aldrich).

GAG content was determined by a colorimetric method based on the 
dimethylmethylene blue (DMMB) assay. Matrices were incubated in a 
papain buffer (125 mg/mL papain in 0.1 M sodium phosphate with 5 
mM EDTA and 5 mM cysteine-HCL, with a 6.5 pH) at a ratio of 1 mL per 
mg of matrix and incubated at 60 ◦C overnight. Then, 20 μL of the 
mixture were taken and mixed with 200 μL of DMMB, and the resulting 
solution was used to measure the absorbance at 570 nm in the spec
trophotometer. GAG concentrations were calculated from a standard 
curve prepared with increasing concentrations of chondroitin sulfate 
(Sigma Aldrich).

DNA content was quantified using a fluorimetric assay based on 
DAPI. Samples were incubated in papain buffer as described above. 
Then, 50 μL of the mixture were taken and mixed with 50 μL of DAPI and 
incubated for 15 min. Fluorescence was measured with excitation and 
emission wavelengths of 340/360 nm and 440/460 nm, respectively, 
using a fluorescence microplate reader. DNA concentrations were 
calculated from a standard curve prepared with increasing concentra
tions of calf thymus DNA (Sigma Aldrich).

2.3.2. Histology
The matrices were fixed in 4 % paraformaldehyde (PFA; Sigma 

Aldrich) at room temperature for 20 min and embedded in paraffin. 
Masson’s Thrichrome (MT), Van Gieson thricrome (VGT), Sirius Red 
(SR) and Toluidine Blue (TB) histological stains (Sigma Aldrich) were 
performed on 4 μm sections following the manufacturer’s instructions. 
MT and VGT were used to contrast collagen fibers from cell nuclei, and 
other extracellular matrix structures. SR is used to analyze collagen, and 
TB, due to its high affinity for acidic tissue components, allows differ
entiation of nuclei and GAGs in histological sections. Images of the 
stained sections were obtained with a Leica DM 5500B microscope.

2.3.3. Immunofluorescence
The matrices were fixed in 4 % PFA (Sigma Aldrich) at room tem

perature during 20 min and embedded in Tissue Freezing Medium (Leica 
Biosystems). 8 μm sections were incubated in blocking buffer with 3 % 
BSA for 1 h at room temperature. Primary antibodies - Anti-Collagen I 
(ab254113, Abcam), anti-Collagen III (ab237238, Abcam), anti- 
Collagen IV (ab6586, Abcam), anti-Fibronectin (ab2413, Abcam) and 
anti-Laminin (ab11575, Abcam) - were used at a concentration of 1:300 
and incubated at 4 ◦C overnight. The samples were then washed twice 
with PBS and incubated with goat anti-Rabbit IgG H&L Alexa Fluor® 
488 (ab150077; Abcam) conjugated secondary antibody in a 1:500 
concentration during 2 h at room temperature. Finally, after two washes 
with PBS, mounting medium with DAPI (Sigma Aldrich) was added and 
samples were imaged by Leica DM 5500 B microscope and processed 
using Image J Software (v.2.13.1).

2.3.4. Growth factors array
The retention of different human growth factors was assessed using 

the Human Growth Factor Antibody Array - Membrane (ab134002, 
Abcam), according to manufacturer’s recommendations. Briefly, fdECM 

was treated with lysis buffer in a 1:1 ratio and, after centrifugation, 
supernatant was resuspended in blocking buffer in a 1:5 ratio. The 
membrane array was incubated in blocking buffer solution for 30 min. 
The sample was then added to the membrane and incubated at 4 ◦C 
overnight. Following multiple washes, the membrane array was incu
bated with 1 mL of biotin solution at 4 ◦C overnight and washed again. 
The membrane array was subsequently incubated with 1 mL of strep
tavidin solution for 3 h at room temperature. Finally, detection buffer 
solution was added and membrane arrays were visualized using 
ChemiDoc MP Imaging System (BioRad).

2.4. Cell-laden hydrogel biofabrication

Alginate solution (7,5 % w/v) was prepared by dissolving alginate 
brown algae powder (Sigma) in PBS. Gelatin solution (15 % w/v) was 
prepared by dissolving gelatin from porcine skin powder (Sigma) in PBS. 
Lyophilized fdECM was solubilized at 3 % in 1 mg/mL pepsin-0.1 M HCL 
and adjusted to physiological pH and salinity using 1M NaOH and PBS. 
For scaffold biofabrication, these three components were mixed in equal 
proportions and then combined with cellular pellets.

To incorporate into the hydrogel, Cal-27 tumorspheres were har
vested and centrifuged. Additionally, for hydrogels containing the 
stroma-like component, MSCs and FBs in culture flasks were harvested 
using 0.25 % trypsin - 0.02 % EDTA (Gibco), centrifuged, stained with 
CellTracker Deep Red Dye (Invitrogen) following the manufacturer’s 
instructions, and washed twice with PBS. After pelleting the cells, a 
careful mixture of tumorspheres (1 × 106 cells/mL) and/or stromal 
MSCs and FBs (5 × 105 cells/mL) with the hydrogel components was 
performed.

Hydrogel gelation occurred in two phases. Initially, gelatin was 
gelled at room temperature to provide the hydrogel with a specific 
shape, followed by incubation with 102 mM CaCl2 at 37 ◦C for 20 min to 
cross-link the collagen and alginate. Finally, excess of CaCl2 was 
removed, and serum-free tumorsphere medium (described in section 
2.1.1) was added. Hydrogels were cultured in plates at 37 ◦C in a hu
midified atmosphere containing 5 % CO2.

2.5. Cell viability assay

Viability assays were conducted using the fluorescent LIVE/DEAD™ 
Viability/Cytotoxicity Kit (Invitrogen) following the manufacturer’s 
instructions. Briefly, hydrogels were washed three times with PBS, 
immersed in a solution of calcein AM (0.5 μL/mL) and ethidium 
homodimer-1 (2 μL/mL) in PBS, and then incubated at 37 ◦C for 30 min. 
Subsequently, hydrogels were washed three times with PBS and eza
mined using a ZEISS LSM 900 FastAiry Scan 2 confocal microscope. 
Images were analyzed using Image J Software (v.2.13.1).

2.6. Cell proliferation assays

For CSCs tumorspheres, proliferation was assessed using the Cell 
Counting Kit 8 (CCK-8, Sigma Aldrich) following the manufacturer’s 
protocol. Briefly, tumorspheres were treated with CCK-8 solution (10 
μL/100 μL) and incubated for 1 h at 37 ◦C. Absorbance was then 
measured at 450 nm using a spectrophotometer. The size and 
morphology of tumorspheres were evaluated using the BioTek Lionheart 
LX Automated Microscope (Agilent).

In hydrogels, cell proliferation was measured using the alamarBlue™ 
HS Cell Viability Reagent (ThermoFisher Scientific) according to the 
manufacturer’s instructions. Briefly, hydrogels were incubated with 
alamarBlue™ solution (10 μL/100 μL) during 1 h at 37 ◦C. Fluorescence 
was measured at excitation and emission wavelengths of 530 and 590 
nm, respectively, using a fluorescence microplate reader.
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2.7. Hydrogel immunofluorescence

The hydrogels were fixed in 4 % PFA at room temperature for 20 min 
and embedded in Tissue Freezing Medium. 4 μm sections were washed 

with Inmunofluorescence Buffer (IF), which consisted of a solution 
containing of 0.2 % Triton X-100 (Sigma Adrich) and 0.05 % Tween 
(Sigma Aldrich) in PBS. Subsequently, the sections were incubated in 
blocking buffer solution containing 1 % BSA (Sigma Aldrich) in IF 

Fig. 1. fdECM characterization. (A) Process of deposition and collection of fdECM, and its macroscopic appearance after the different decellularization, solubilization 
and matrix gelation treatments. (B) Quantification of residual DNA, GAGs and collagens present in the matrices obtained (fECM), after the decellularization (fdECM) 
and solubilization (fdECM solub.) processes. (C) Quantification of the retained GF fraction of fdECM. (D) Representative images of histological staining of fECMs and 
fdECMs for Masson’s Trichrome (MT), Van Gieson’s Trichrome (VGT), Sirius red (SR) and Toluidine Blue (TB), and immunofluorescence of collagens type I (Coll I), 
III (Coll III) and IV (Coll IV), fibronectin (FBN) and laminin (LMN). Scale bar: 500 μm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

J. López de Andrés et al.                                                                                                                                                                                                                      Materials Today Bio 29 (2024) 101246 

4 



Buffer, for 40 min at room temperature.
Primary antibodies including anti-αSMA (ab5694, Abcam), anti-E- 

Cadherin (15148, Abcam), anti-N-Cadherin (ab18203, Abcam), anti- 
Vimentin (sc-6260, Santa Cruz), anti-CD133 (19898, Abcam) and anti- 
CD44 (ab243894, Abcam) were used at a 1:200 concentration and 
incubated at 4 ◦C overnight. Following incubation, the samples were 
washed twice with PBS and incubated with goat anti-Rabbit IgG H&L 
Alexa Fluor® 488 (ab150077; Abcam) and goat anti-Mouse IgG H&L 
Alexa Fluor® 594 (ab150116, Abcam) conjugated secondary antibodies 
at a 1:500 concentration for 2 h at room temperature. After two addi
tional washes with PBS, mounting medium with DAPI (Sigma Aldrich) 
was applied, and the samples were imaged using a ZEISS LSM 900 
FastAiry Scan 2 confocal microscope. Image processing was performed 
using Image J Software (v.2.13.1).

2.8. Quantitative RT-PCR

Total messenger RNA (mRNA) from tumorspheres within hydrogel 
was isolated using the RNeasy Fibrous Tissue Mini Kit (Qiagen) and 
reverse-transcribed into cDNA using the Reverse Transcription System 
kit (Promega). Quantitative PCR (qPCR) was conducted using a SYBR 
Green master mix (Promega) according to the manufacturer’s recom
mendations. Gene expression levels for NANOG, OCT4, SOX2, SLUG, 
TWIST and VIMENTIN were normalized to those of the housekeeping 
gene glyceraldehyde 3-phosphate dehydrogenase (GADPH) and pre
sented as fold change relative to the value of the control sample 
(Vehicle-Day 1). All the samples were assayed in triplicate for each gene. 
Genes primers were purchased from Sigma Aldrich (GAPDH, F 5′- 
TCGGAGTCAACGGATTTG and R 5′-CAACAATATCCACTTTACCAGAG; 
NANOG, F 5′-CTCCAACATCCTGAACCTCAGC and R 5′-CGTCA
CACCATTGCTATTCTTCG; OCT4, F 5′-CCTGAAGCAGAAGAGGATCACC 
and R 5′-AAAGCGGCAGATGGTCGTTTGG; SOX2, F 5′-GCTA
CAGCATGATGCAGGACCA and R 5′-TCTGCGAGCTGGTCATGGAGTT; 
SLUG, F 5′- ATCTGCGGCAAGGCGTTTTCCA and R 5′-GAGCCCTCA
GATTTGACCTGTC; TWIST, F 5′-GCCAGGTACATCGACTTCCTCT and R 
5′-TCCATCCTCCAGACCGAGAAGG; VIM, F 5′-AGGCAAAGCAGGAGTC
CACTGA, and R 5′-ATCTGGCGTTCCAGGGACTCAT).

2.9. Statistical analysis

Statistical analyses were conducted using GraphPad Prism v. 8.0.1 
software (GraphPad Software Inc., La Jolla, CA, USA). Data were 
expressed as mean ± standard error of the mean (S.E.M) form at least 
three independent experiments. Differences between experimental 
groups and their respective untreated controls were analyzed using 
unpaired Student’s t-tests. A p-value <0.05 was considered statistically 
significant.

3. Results

3.1. fdECM generation and characterization

To obtain the fECM, FBs were isolated from patient samples, and 
when they reached full confluence, the cells were treated with ascorbic 
acid and proline to enhance matrix deposition [17,18]. Following three 
weeks of treatment, the matrices underwent an optimal decellulariza
tion process (Fig. 1A) consisting in an efficient removal of DNA residues 
and nuclear debris from the cells while preserving ECM components to 
the maximum extent (Fig. 1B).

To prepare the matrix as the basis for a tumor hydrogel, the fdECM 
was solubilized with a pepsin solution (1 mg/mL), and subsequently 
analyzed for its ability to reticulate collagen fibers under physiological 
conditions of pH, temperature and salinity, and provide a gel solution. 
The gelling ability of the solubilized fdECM was proven by observing its 
maintenance as a hydrogel at the base of the vial when inverted 
(Fig. 1A).

For the characterization of the fdECM, the main macromolecules of 
the tumor ECM were analyzed, as well as the efficiency of the matrix 
decellularization process. For this purpose, DNA, GAGs and collagen 
remnants of the matrix were quantified before (fECM) and after decel
lularization (fdECM), and after solubilization with pepsin (fdECM sol.) 
(Fig. 1B). The results indicate a complete decellularization of the matrix, 
and a high retention of collagens, the major component of the recon
stituted matrices, but a drastic reduction of GAGs after application of the 
different decellularization buffers.

The tumor ECM serves not only as a scaffold for TME cells but also as 
a reservoir for growth factors (GF) crucial in tumor progression. Analysis 
of the GF array in the fdECM, revealed a retention of GFs involved in 
different tumor hallmarks, such as angiogenesis (vascular endothelial 
growth factor [VEGF], platelet-derived growth factor [PDGF]), activa
tion of the TME (epidermal growth factor [EGF], fibroblast growth 
factor [FGF]), and inflammatory processes (Fig. 1C).

Histological staining of the fdECM (Fig. 1D) confirmed the quanti
fication results, with predominant fibrillar collagen staining (MT, VGT, 
SR), absence of nuclei (MT, TB), and minimal staining for GAGs (TB). In 
addition, to assess the presence of active compounds, the matrices were 
characterized by immunofluorescence for specific markers including 
fibrillar proteins (collagen I and III), cell-matrix binding proteins 
(fibronectin), and basal lamina components (laminin and collagen IV). 
Positive expression of all markers was observed, along with the absence 
of nuclear debris (Fig. 1D).

Taken the results together, the generated fdECMs successfully reca
pitulate not only the structural component but also other bioactive 
components of tumor ECMs, thereby enhancing the fidelity of the 
generated models to the native tumor context.

3.2. Generation of HNSCC microenvironment model

To generate the HNSCC matrix-based scaffold tumor model, fdECM 
was formulated in combination with embedded cells that replicate the 
TME cellular component (Fig. 2A). To recreate the extracellular 
component, fdECM was blended with alginate and gelatin, to provide 
increased stiffness and structural robustness to the tumor hydrogels.

For the cellular component, CSCs enriched tumorspheres derived 
from the HNSCC Cal-27 line were used, given their pivotal role in drug 
resistance and tumor relapse due to their stemness properties. Moreover, 
for the TME simulation, the tumorspheres were co-embedded with pri
mary MSCs and FBs, as the role of the stromal component in tumor 
progression is well-established. Indeed, the chemoprotective role of 
stromal cells in TME makes essential their presence in tumor models 
aimed at exploring the oncostatic effects of novel antitumor compounds.

First, the tumorspheres were characterized for the enrichment of 
CSCs using the previously described spheres culture medium [14]. The 
significant increment of the activity of aldehyde dehydrogenase 1 
(ALDH1) enzyme was employed to assess CSC enrichment from a cell 
suspension of the Cal-27 tumor cell line [14] (Fig. 2A). Additionally, 
positive expression of the HNSCC stem cells membrane markers CD98 
and CD44 [19–21] was evaluated in the tumorspheres. The analysis 
revealed a that all CSC markers were expressed over 96 % of the 
population.

To examine the potential cytotoxic effects of the hydrogel on the cells 
within the model, the tumorspheres, the stroma (comprising FBs and 
MSCs) and the combination of tumorspheres and stroma (referred to as 
TME) were cultured in the fdECM-based scaffolds. Cell viability was 
analyzed using the Live/Dead kit, and metabolic rate was measured 
using AlamarBlue®. The results revealed high cell viability (Fig. 2B) 
across all cell lines, both 24 h after seeding and after one week of culture. 
Live cells (stained green) predominated, with minimal presence of dead 
cells (nuclei marked in red). In addition, stromal cells exhibited a 
characteristic elongated morphology, indicating strong adherence to the 
substrate, in addition to the cytocompatibility of the hydrogel. More
over, metabolic activity results (Fig. 2C) indicated cell proliferation in 
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Fig. 2. HNSCC microenvironment model. (A) Characterization of Cal-27 CSCs. Image of tumorspheres grown in suspension with serum-free spheres medium (10×). 
Cytometry histograms of CD98 and CD44 CSCs cell-membrane markers expression. Percentage of ALDH1 activity of cells grown in monolayer or in suspension 
(cytometry histograms besides). (B) Schematic representation of the TME components embedded in the hydrogel. Confocal representative images of cell viability of 
tumorspheres, FBs and MSCs (stroma) and the co-culture of stroma and tumorspheres (TME) cultured in the hydrogel. Living cells shown in green and nuclei of death 
cells in red. Scale bar: 200 μm. (C) Proliferation assay of the tumorspheres, FBs and MSCs (stroma) and the co-culture of stroma and tumorspheres (TME) cultured in 
the hydrogel. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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all models, with tumorspheres cultured alone exhibiting a notably 
higher proliferation rate (fold increase 2.79 ± 0.13 at day 7) compared 
to when cultured alongside the rest of the microenvironment (fold in
crease 1.32 ± 0.04 and 1.30 ± 0.06 for stroma and TME respectively at 
day 7).

3.3. Evaluation of the oncostatic effect of melatonin on HNSCC tumor 
cells

3.3.1. Antiproliferative effect of melatonin on HNSCC tumorspheres
To analyze the oncostatic effect of aMT on HNSCC tumorspheres, we 

followed the previously described treatment regime (Section 2.1.4.). 
The target effect was measured 24 h (day 1) and 96 h (day 4) after the 
last dosed pulse (Fig. 3). To ensure that aMT level remained consistent 
and, therefore, the dose available to the cells matched the intended 
treatment regimen, aMT concentration in the medium was monitored 
for 96 h following application, under the same culture conditions as the 
study models. Fig. 3A demonstrates the concentration remained stable 

without significant degradation of aMT over the maximum study time. 
This consistent pattern was maintained for all subsequent assays across 
different models.

Because CSCs offer increased drug resistance than their differenti
ated counterparts, a dose-response study was conducted at increasing 
doses of aMT, ranging from 500 μM to 3,000 μM (Fig. 3B), following 24 
and 96 h of treatment. Results showed that melatonin significantly 
reduced cell viability in a dose-dependent manner at both time points of 
the assay. At day 1, the concentration that effectively eliminated 
approximately 50 % of the cell population was 1,500 μM (***p < 0.001). 
With prolongated exposure, by day 4, the concentration reducing 
approximately 50 % of the cell population decreased to 500 μM (***p <
0.001). In addition, in all cases there was a negative impact of the 
vehicle on the tumor cells, although considerably less pronounced than 
that induced by the drug (###p < 0.001 and ##p < 0.01).

This effect was also visually perceived in the HNSCC tumorspheres 
(Fig. 3C), with a noticeable reduction in spheres size and increased 
disaggregation of tumor cells in the treated conditions compared to the 

Fig. 3. ct in HNSCC tumorspheres. (A) Quantification of aMT concentration in the culture medium monitored over four days. (B) Cell cytotoxicity assay of the 
tumorspheres at increasing concentrations of aMT, compared to their corresponding vehicle control (VH), at day 1 and 4 after application of the last dose of aMT (C) 
Representative images of the aMT-treated tumorspheres and their corresponding vehicle controls. The aMT doses applied were: 500, 1,000, 1,500, 2,000 and 3,000 
μM. Scale bar: 1000 μm.
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control condition. This effect was especially pronounced at day 4, and 
from dose 1,500 and higher, where the size of the tumorspheres was 
drastically reduced, and its structure considerably altered.

3.3.2. Antiproliferative effect of melatonin on HNSCC tumorspheres 
cultured in the hydrogel

For the treatment of hydrogel-cultured tumorspheres, the same 
guideline was applied, but with increasing concentrations of aMT 
applied to the matrix-embedded models. Treatment began with doses 
that exceeded half of the damaged population observed in non-scaffold 
cultures: specifically, 2,000, 4,000, and 8,000 μM.

Through the dose-response assay, a dose-dependent effect of aMT on 
HNSCC CSCs was again noticeable (Fig. 4A). Interestingly, even though 
the decrease is statistically significant, none of the doses were sufficient 
to eliminate 50 % of the tumor population at day 1. By day 4, the 4,000 
μM dose did have an inhibitory effect on half of the population (***p <
0.001). Beyond this concentration, an increase in aMT dose did not 

significantly enhance cell death, suggesting a potential saturation point 
for cellular assimilation of this compound.

Moreover, in the 3D models the effect of vehicle was clearly reduced, 
only significantly altering cell viability at 8,000 μM on day 1 (*p <
0.05), but totally innocuous for medium and low doses (Fig. 4 A). 
Notably, this result together with the significant difference in the min
imum inhibitory doses between free or gel-cultured tumorspheres, 500 
μM and 4,000 μM at day 4 respectively (Figs. 3B and 4A), underscores 
the strong protective effect exerted by ECM in tumor contexts, ratifying 
the importance it acquires in tumor progression and chemoresistance.

The antitumor efficacy of aMT was further evaluated by confocal 
microscopy using the cell viability assay (Fig. 4B). The dose of aMT 
4,000 μM was chosen for subsequent assays, since it has an inhibitory 
effect on half of the population, and its vehicle dose does not alter the 
cell population. Remarkably, treated hydrogels at day 4 exhibited a 
significant increase in dead cells (red-labeled nucleus) and extensive cell 
disintegration compared to the initial day and untreated controls 

Fig. 4. aMT antiproliferative effect in HNSCC tumorspheres viability cultured in the tumor hydrogel. (A) Cell cytotoxicity assay of tumor spheres cultured in 
hydrogel at increasing concentrations of aMT, compared to their corresponding vehicle control, at day 1 and 4 after application of the last dose of aMT. (B) 
Representative confocal images of cell viability of tumorspheres cultured in hydrogel, untreated (CTR tumorspheres), administering vehicle alone (tumorspheres VH) 
and with aMT 4,000 μM (tumorspheres aMT), after 1 or 4 days of treatment. White arrows point to the isolated cells from tumorspheres disaggregation. Living cells 
shown in green and nuclei of death cells in red. Scale bar: 200 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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(Fig. 4B, white arrows), which showed compact spheres with predomi
nantly green labeling of live cells.

To investigate the impact of melatonin on the properties of HNSCC 
CSCs, stemness and epithelial-mesenchymal transition (EMT) related 
markers were analyzed via qPCR and immunofluorescence. A notable 
disaggregation of tumorspheres was observed, consistent with previous 
findings, so stemness-related membrane marker CD44, visible 24 h after 
treatment, was no longer detectable at the endpoint, while CD133 

persist in the individualized tumoral cells (Fig. 5A). However, qPCR 
analysis of NANOG, OCT4, and SOX2 gene expression revealed a sig
nificant increase in OCT4 and SOX2 after treatment (**p < 0.01) 
(Fig. 5B), suggesting that the surviving cell population, and conse
quently the most resistant, may exhibit enhanced stemness phenotype. 
On the contrary, epithelial-mesenchymal transition (EMT) markers 
basal expression was observed by immunofluorescence of N-Cadherin, 
Vimentin, α-Smooth Muscle Actin (αSMA), and E-Cadherin (Fig. 5A) at 

Fig. 5. aMT effect in HNSCC tumorspheres phenotype cultured in the tumor hydrogel. (A) Representative immunofluorescence images of CD44, CD133, αSMA, 
Vimentin, E-Cadherin, and N-Cadherin in the tumorspheres cultured in the hydrogel and treated with aMT 4,000 μM or vehicle, after 1 or 4 days of treatment. Scale 
bar: 100 μm. (B) qPCR expression analysis of NANOG, OCT4, SOX2, SLUG, TWIST, and VIMENTIN (VIM) genes in the tumor spheres cultured in the hydrogel and 
treated with aMT 4,000 μM or vehicle after 1 or 4 days of treatment. Normalized with endogenous GAPDH and relative to the day 1 control.
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day 1, but not noticeable at day 4, as the tumorspheres conformation 
was disaggregated and cell markers visually reduced. Additionally, a 
significant decrease in expression of SLUG (*p < 0.05), TWIST (*p <
0.05), and VIMENTIN (**p < 0.01) was measured at day 4 by qPCR 
(Fig. 5B). The significant reduction in markers associated with tumor 
metastasis and invasion compared to the control suggests an effect of 
melatonin in the regulation of this tumor hallmark.

3.4. Antiproliferative effect of melatonin in HNSCC TME

Considering the previously described influence of TME on the 
pharmacodynamics of antitumor compounds, melatonin was also tested 
in the TME matrix-based scaffold models outlined in section 3.2, 
comprising complex cellular component, with tumorspheres and stroma, 
and the mimetic ECM (Figs. 6 and 7). A cell viability assay was con
ducted using the Live/Dead kit. To discern on which target aMT acted, 
stromal cells were previously labeled with a vital dye (CTDR, violet) to 
differentiate them from unlabeled tumor cells. The same regimen as 
previously described was applied, with a concentration of aMT set at 
4,000 μM.

It was observed that stromal cells exhibited high viability in treated 
conditions after 24 and 96 h of drug exposure, maintaining their char
acteristic elongated spindle-shaped phenotype (Fig. 6). This data dem
onstrates the absence of cytotoxic effect of aMT on healthy cells, as well 
as no apparent alteration in their signature phenotype.

Additionally, the effect of aMT was assessed in the TME matrix-based 
scaffold model including the different cell subtypes. The stromal cells 
(FBs and MSCs) were previously marked with CTDR, enabling differ
entiation between the effects on cell viability in stromal cells (marked in 
magenta) and tumor cells (unmarked). Consequently, in the model, we 
observed a significant impact of aMT on tumor cells (unmarked), 
whereas stromal cells (magenta) co-stained with calcein, indicating 
robust viability (Fig. 7). The importance of this result relies on the 
possibility of co-culturing different TME cell lineages in a representative 
tumor model, and exploring simultaneously the different pharmaco
logical effect on several tumor components, in order to obtain more 
relevant conclusions.

4. Discussion

The field of oncology research faces a significant challenge in 
translating pharmacological trials into clinical practice, with over 97 % 
of cancer drug candidates failing in clinical trials and never obtaining 
FDA approval [22]. One of the reasons identified is the lack of research 
platforms that faithfully represent the pathological processes of this 
disease, and the pharmacokinetics of the proposed products. While in 
vivo xenograft models represent a highly advanced model, which has 
provided valuable insights, they still have some limitations. As discussed 
by Bonartsev et al., it is challenging to monitor parameters such as cell 
growth, or the specific response to certain drugs, and they undergo a 
carcinogenic process that fails to fully mimic human physiology [23]. 
Engineered tumor models offer a complementary approach for more 
comprehensive in vitro investigation closer to clinical reality.

To generate 3D tumor models, it is essential to integrate both the 
biophysical properties of the tissues and materials that promote bio
molecular interactions within the tumor niche. In vitro reconstituted 
matrices are a suitable candidate that meets these criteria by retaining 
structural and biochemical components of human tissues [12]. In this 
study, we designed a tumor matrix-based scaffold model using dECM 
obtained from patient-derived primary FBs. It has been postulated that 
cell culture-derived dECM minimizes batch-to-batch variability associ
ated with using native tissues directly as an ECM source, making it a 
better candidate for chemoresistance studies and pharmacological 
screening [24]. Indeed, FBs-derived matrices have been successfully 
used for tumor models, aiding in the study of tumor progression and 
drug resistance [13,18,25,26], although many of them are derived from 

isolated mouse FBs and, therefore, may present key differences with 
those obtained from human tissues. Our generated matrix exhibited a 
high composition of fibrillar collagen and expressed key proteins for 
tumor development such as fibronectin, collagen IV or laminin, thus 
resembling the HNSCC microenvironment [8,27–29]. The decellulari
zation process produced a soft hydrogel capable of cross-linking under 
physiological conditions. The fdECM also retained growth factors 
involved in angiogenesis, tumor growth, TME activation, and other 
tumor hallmarks, including VEGF, PDGF, EGF, or FGF [30–32], thereby 
providing functionality to the reconstituted matrix. Moreover, the tu
moral ECM exerts a chemoprotective role, not only acting as a physical 
barrier against drugs, but also promoting the maintenance of a tumor 
phenotype with increased resistance to treatment [33–35]. Our fdECM 
retain a complete set of GFs that can drive tumor cell dedifferentiation 
and generate a stem niche, including interleukin 4 (IL-4), interleukin 
(IL-6), EGF, and HGF [35–38], thus with the potential to provide more 
accurate pharmacological responses. This fdECM was combined with 
alginate and gelatin to provide consistency and microstructure to the 
hydrogels. Similar combinations have proven effective in previous 
HNSCC models [39,40], although based on animal-derived tissue 
matrices.

In addition to evaluating the extracellular component, different TME 
cell lineages were co-cultured. CSCs are highly responsible for drug 
resistance and tumor relapse [41]. In the current work, CSCs were 
cultured as tumorspheres, as this spherical geometry closer mimics the in 
vivo scenario of solid tumors [42]. Tumorspheres were co-cultured with 
patient-derived stromal cells, including MSCs and FBs. Stromal lines are 
fundamental not only for the production of ECM, but also for the pro
gression of HNSCC [43–45], the maintenance of the CSC population 
[46–50], or chemoresistance mechanisms [50–52]. Therefore, their 
incorporation in 3D models is essential to faithfully reconstruct the TME. 
Our bioengineered tumor matrix-based scaffold model promoted cell 
adhesion, viability and proliferation in a biomimetic approach, as well 
as the acquisition of the characteristic stromal spindle-shaped pheno
type [53], supporting the development of the tumor niche.

The inhibitory effects of melatonin against numerous types of cancer 
are currently under extensive investigation. Specifically, robust evi
dence supports melatonin’s oncostatic effects in HNSCC, both in vitro 
and in vivo, along with its potential as an adjuvant to other chemo
therapeutics [5,15,54,55]. However, despite various clinical trials con
firming the anticancer properties of melatonin, existing discrepancies 
underscore the necessity for more comprehensive studies [54]. One of 
the main reasons for this controversy is the limited understanding of the 
mechanisms underlying its anticancer effects, displaying a dual role in 
healthy and tumoral cells, which hampers its clinical application. This 
explains why melatonin has primarily gained importance as an adjuvant 
and protective agent in clinical settings [4,54,56]. On the other hand, 
melatonin has also been shown to target CSCs in various tumor type 
[57–60], leading to a decrease in stemness and EMT markers. Given 
these promising results, we investigated the oncostatic effect of mela
tonin on engineered HNSCC matrix-based scaffold models based on 
CSCs. Our findings demonstrated a strong antiproliferative effect of 
melatonin on CSCs tumorspheres both free and embedded in the 
reconstituted matrix. Interestingly, effective doses were higher in 
hydrogels than in tumorspheres cultured without supporting fdECM, in 
line with other trials using advanced HNSCC tumor models [39,42,61]. 
The protective effect of the matrix can be exerted through various 
mechanisms. On one hand, its structure and density act as a physical 
barrier that reduces drug availability in the tumor microenvironment 
[8]. In addition, matrix components, along with the growth factors and 
cytokines it retains, can modulate the resistance mechanisms of tumor 
cells [24]. Additionally, a decrease in EMT markers was observed, 
consistent with previous in vitro and animal model experiments [5]. 
Furthermore, some of these assays reported a decrease in stemness 
markers. In contrast, our work reveals an increase in stemness markers 
after treating the CSCs tumorspheres. This may not be contradictory, as 
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Fig. 6. aMT effect in HNSCC stromal cells viability cultured in the tumor hydrogel. Representative confocal images of cell viability of FBs and MSCs (stroma) cultured 
in hydrogel, untreated (CTR), administering vehicle alone (VH) and aMT 4,000 μM (aMT), after 1 (A) or 4 (B) days of treatment. Living cells shown in green and 
nuclei of death cells in red. Scale bar: 200 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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Fig. 7. aMT effect in HNSCC TME viability cultured in the tumor hydrogel. Representative confocal images of cell viability of HNSCC tumorspheres, FBs and MSCs 
(TME) cultured in hydrogel, untreated (CTR), administering vehicle alone (VH) and with aMT 4,000 μM (aMT), after 1 (A) or 4 (B) days of treatment. MSCs and FBs 
are stained with CTDR (violet). Living cells shown in green and nuclei of death cells in red. Scale bar: 200 μm. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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those previous studies are based on a mixed population, comprised of 
cancer cells at different stages of differentiation, where CSCs represent a 
low population of the tumor bulk. Alternatively, our study prioritizes 
CSCs, given their established status as a high-priority therapeutic target 
in this tumor type, with melatonin specifically targeting this population 
[57–59]. We demonstrated that the surviving CSCs population presented 
an enhanced stem phenotype, thus deeper describing the phenotype of 
chemoresistant cells, and allowing for further therapeutic targeting. 
Since melatonin presented strong effects as an adjuvant to established 
therapies against HNSCC [62,63], its combinations with other drugs 
targeting CSCs could effectively prevent tumor relapse after treatment.

Finally, the effect of melatonin was tested in the complete tumor 
model, including the stromal component of TME, confirming the non- 
cytotoxic effect of melatonin in healthy stromal cells isolated from pa
tients [64,65]. In fact, melatonin has been proved to clearly ameliorate 
the side effects of chemotherapy, therefore so highly valued in the 
clinical arena [66–68]. Due to the high tumor heterogeneity among 
patients, obtaining robust results on the effect of antitumor compounds 
is challenging. Personalized models that incorporate patient-derived 
fdECM and support the cultivation of patient-derived cells may repre
sent a significant advance in oncology research [69]. The tumor 
matrix-based scaffold platform proposed in this work brings us closer to 
personalized medicine, enabling the incorporation of other members of 
the tumor niche, and simultaneous study of different therapeutic targets 
in a HNSCC neoplastic model.

5. Conclusion

The development of biomimetic models for HNSCC based on fdECM 
allows for a closer and more realistic study of the oncostatic effects of 
new anti-tumor treatments. Through these models, in this study the 
antiproliferative effect of melatonin on CSCs has been demonstrated, 
even in highly protective environments. Moreover, it has enabled the 
examination of melatonin’s impact on invasion processes and the anal
ysis of resistant cell phenotypes. The hydrogel also facilitates the in
clusion of other components of the TME, thereby enabling the study of 
possible drug side effects. The potential adaptation of this model to 
patients, with the inclusion of endogenous ECM cells and proteins or 
immune cells, may lead to a more personalized medicine, tailoring 
treatment guidelines and improving outcomes for HNSCC patients.
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A. Hidalgo-Gutiérrez, C. Cottet-Rousselle, F. Lamarche, U. Schlattner, A. Guerra- 
Librero, P. Aranda-Martínez, D. Acuña-Castroviejo, L.C. López, G. Escames, 
Melatonin drives apoptosis in head and neck cancer by increasing mitochondrial 
ROS generated via reverse electron transport, J. Pineal Res. 73 (2022), https://doi. 
org/10.1111/JPI.12824.

[5] L. Martinez-Ruiz, J. Florido, C. Rodriguez-Santana, A. López-Rodríguez, A. Guerra- 
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J. López de Andrés et al.                                                                                                                                                                                                                      Materials Today Bio 29 (2024) 101246 

14 

https://doi.org/10.1038/nprot.2017.107
https://doi.org/10.1038/nprot.2017.107
https://doi.org/10.1073/pnas.0610117104
https://doi.org/10.1073/pnas.0610117104
https://doi.org/10.3390/app132413293
https://doi.org/10.3390/app132413293
https://doi.org/10.1016/j.scr.2013.02.004
https://doi.org/10.1093/BIOSTATISTICS/KXX069
https://doi.org/10.1093/BIOSTATISTICS/KXX069
https://doi.org/10.1016/J.CRITREVONC.2022.103724
https://doi.org/10.3389/FIMMU.2023.1154528/BIBTEX
https://doi.org/10.3389/FIMMU.2023.1154528/BIBTEX
https://doi.org/10.1371/JOURNAL.PONE.0138065
https://doi.org/10.2147/IJGM.S364708
https://doi.org/10.2147/IJGM.S364708
https://doi.org/10.1038/ncomms14105
https://doi.org/10.1016/J.ORALONCOLOGY.2011.09.002
https://doi.org/10.1186/S12885-021-08547-4/FIGURES/7
https://doi.org/10.1186/S12885-021-08547-4/FIGURES/7
https://doi.org/10.1158/1078-0432.CCR-11-0050/84242/AM/FIBROBLAST-GROWTH-FACTOR-RECEPTORS-ARE-COMPONENTS
https://doi.org/10.1158/1078-0432.CCR-11-0050/84242/AM/FIBROBLAST-GROWTH-FACTOR-RECEPTORS-ARE-COMPONENTS
https://doi.org/10.1158/1078-0432.CCR-11-0050/84242/AM/FIBROBLAST-GROWTH-FACTOR-RECEPTORS-ARE-COMPONENTS
https://doi.org/10.1002/IJC.11188
https://doi.org/10.1002/IJC.11188
https://doi.org/10.20892/J.ISSN.2095-3941.2020.0482
https://doi.org/10.1038/s41392-020-00419-w
https://doi.org/10.1038/s41392-020-00419-w
https://doi.org/10.1007/S00432-023-05136-9
https://doi.org/10.1038/s41419-021-04268-5
https://doi.org/10.1002/CAM4.2772
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref38
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref38
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref38
https://doi.org/10.1088/1748-605X/ACD830
https://doi.org/10.1021/ACSBIOMATERIALS.1C00812/SUPPL_FILE/AB1C00812_SI_001.PDF
https://doi.org/10.1021/ACSBIOMATERIALS.1C00812/SUPPL_FILE/AB1C00812_SI_001.PDF
https://doi.org/10.1016/J.LFS.2019.116781
https://doi.org/10.3389/FONC.2022.960340/BIBTEX
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref43
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref43
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref43
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref43
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref43
http://refhub.elsevier.com/S2590-0064(24)00307-7/sref43
https://doi.org/10.1038/s41467-023-36691-x
https://doi.org/10.1038/s41467-023-36691-x
https://doi.org/10.3389/FONC.2020.565306/BIBTEX
https://doi.org/10.3389/FONC.2020.565306/BIBTEX
https://doi.org/10.1177/0022034520956614
https://doi.org/10.1177/0022034520956614
https://doi.org/10.1021/ACS.JPROTEOME.7B00925/SUPPL_FILE/PR7B00925_SI_003.XLSX
https://doi.org/10.1021/ACS.JPROTEOME.7B00925/SUPPL_FILE/PR7B00925_SI_003.XLSX
https://doi.org/10.1002/MC.22937
https://doi.org/10.1002/MC.22937
https://doi.org/10.3390/CANCERS10090334
https://doi.org/10.3390/IJMS22041912
https://doi.org/10.1158/1541-7786.MCR-12-0030/79979/AM/CANCER-ASSOCIATED-FIBROBLASTS-INDUCE-MATRIX
https://doi.org/10.1158/1541-7786.MCR-12-0030/79979/AM/CANCER-ASSOCIATED-FIBROBLASTS-INDUCE-MATRIX
https://doi.org/10.1158/1541-7786.MCR-12-0030/79979/AM/CANCER-ASSOCIATED-FIBROBLASTS-INDUCE-MATRIX
https://doi.org/10.3390/CANCERS12020339
https://doi.org/10.3390/CANCERS12020339
https://doi.org/10.1089/TEN.TEA
https://doi.org/10.1089/TEN.TEA
https://doi.org/10.3390/IJMS23073779
https://doi.org/10.3389/FONC.2020.543591/BIBTEX
https://doi.org/10.3389/FONC.2020.543591/BIBTEX
https://doi.org/10.1615/CritRevOncog.2023048934
https://doi.org/10.1615/CritRevOncog.2023048934


[57] M. Akbarzadeh, A.A. Movassaghpour, H. Ghanbari, M. Kheirandish, N. Fathi 
Maroufi, R. Rahbarghazi, M. Nouri, N. Samadi, The potential therapeutic effect of 
melatonin on human ovarian cancer by inhibition of invasion and migration of 
cancer stem cells, Sci. Rep. (7) (2017 71 2017) 1–11, https://doi.org/10.1038/ 
s41598-017-16940-y.

[58] P.P. Phiboonchaiyanan, P. Puthongking, V. Chawjarean, S. Harikarnpakdee, 
M. Sukprasansap, P. Chanvorachote, A. Priprem, P. Govitrapong, Melatonin and its 
derivative disrupt cancer stem-like phenotypes of lung cancer cells via AKT 
downregulation, Clin. Exp. Pharmacol. Physiol. 48 (2021) 1712–1723, https://doi. 
org/10.1111/1440-1681.13572.

[59] N.F. Maroufi, V. Vahedian, S. Hemati, M.R. Rashidi, M. Akbarzadeh, M. Zahedi, 
F. Pouremamali, A. Isazadeh, S. Taefehshokr, S. Hajazimian, N. Seraji, M. Nouri, 
Targeting cancer stem cells by melatonin: effective therapy for cancer treatment, 
Pathol. Res. Pract. 216 (2020).

[60] X. Luo, J. Wang, Y. Chen, X. Zhou, Z. Shao, K. Liu, Z. Shang, Melatonin inhibits the 
stemness of head and neck squamous cell carcinoma by modulating HA synthesis 
via the FOSL1/HAS3 axis, J. Pineal Res. 76 (2024) 1–15, https://doi.org/10.1111/ 
jpi.12940.

[61] K. Tuomainen, A. Al-Samadi, S. Potdar, L. Turunen, M. Turunen, P.R. Karhemo, 
P. Bergman, M. Risteli, P. Åström, R. Tiikkaja, R. Grenman, K. Wennerberg, 
O. Monni, T. Salo, Human tumor–derived matrix improves the predictability of 
head and neck cancer drug testing, Cancers 12 (2020), https://doi.org/10.3390/ 
CANCERS12010092.

[62] B.I. Fernandez-Gil, A. Guerra-Librero, Y.Q. Shen, J. Florido, L. Martínez-Ruiz, 
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