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Introduction

Evaluation of gelatin-based hydrogels for colon
and pancreas studies using 3D in vitro cell
culturet

Regina Pamplona, ' Sandra Gonzalez-Lana, (2 *° Ignacio Ochoa, (2 <%©
Rafael Martin-Rapun @ **9" and Carlos Sanchez-Somolinos ) *9

Biomimetic 3D models emerged some decades ago to address 2D cell culture limitations in the field of
replicating biological phenomena, structures or functions found in nature. The fabrication of hydrogels
for cancer disease research enables the study of cell processes including growth, proliferation and
migration and their 3D design is based on the encapsulation of tumoral cells within a tunable matrix. In
this work, a platform of gelatin methacrylamide (GelMA)-based photocrosslinked scaffolds with
embedded colorectal (HCT-116) or pancreatic (MIA PaCa-2) cancer cells is presented. Prior to cell
culture, the mechanical characterization of hydrogels was assessed in terms of stiffness and swelling
behavior. Modifications of the UV curing time enabled a fine tuning of the mechanical properties, which
at the same time, showed susceptibility to the chemical composition and crosslinking mechanism. All
scaffolds displayed excellent cytocompatibility with both tumoral cells while eliciting various cell
responses depending on the microenvironment features. Individual and collective cell migration were
observed for HCT-116 and MIA PaCa-2 cell lines, highlighting the ability of the colorectal cancer cells to
cluster into aggregates of different sizes governed by the surrounding matrix. Additionally, metabolic
activity results pointed out to the development of a more proliferative phenotype within stiffer networks.
These findings confirm the suitability of the presented platform of GelMA-based hydrogels to conduct
3D cell culture experiments and explore biological processes associated with colorectal and pancreatic
cancer.

has been significantly targeted. This surrounding microenvir-
onment comprises different cell types, soluble factors and a

Since the first biomimetic strategies in cell culture, the goal of complex and dynamic extracellular matrix (ECM). In addition,
recreating basic aspects of the tumor microenvironment (TME) the composition of the ECM within which cells reside is

continuously changing, and some factors, such as increased
stiffness, have been related to the development of the cancer
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dies, such as the one performed by Tang et al.,” demonstrated
that the alteration of microenvironment stiffness is among the
signaling pathways implicated in the initiation of metastasis.
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ECM. Rice and co-workers® reported how the increasing stiff-
ness of polyacrylamide gels promoted different elements of the
epithelial-mesenchymal transition (EMT) in pancreatic cancer
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When considering different biomimetic models, two-
dimensional (2D) cell culture studies provide a straightforward,
low-cost and high-performance approach to explore cancer
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in vitro experiments are different from how cells would
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experience in a three-dimensional (3D) environment. This is
partly because 2D substrates lack the ability to mimic geome-
trical confinement or shear stress.*® In fact, a two-way com-
munication exists between cells and their surrounding
microenvironment, and investigating these cell-matrix interac-
tions in a 3D context constitutes a more physiologically relevant
approach.

Amidst the broad domain of 3D scaffolds, gelatin methacry-
lamide (GelMA) hydrogels have gained increasing attention
ever since the initial report from Van Den Bulcke et al.® These
hydrogels originate from a natural polymer, incorporate the
cell-adhesive arginine-glycine-aspartic acid (RGD) sequence,
and offer extensive photocrosslinking possibilities to achieve
tailor-made scaffolds.” While this material has been particu-
larly useful in breast cancer tumor models,*° there are limited
studies applied to colon and pancreas and those works are
primarily focused on drug screening.'®"*

Regarding photo-induced crosslinking reactions which
allow for finely-tuned control of biomechanics in hydrogels,
the free radical photopolymerization approach stands out as
one of the simplest and most rapid method to generate 3D
scaffolds.'>"® Nevertheless, GeIMA also has the potential to
form hydrogels by combining with other photocrosslinkable
functional groups, such as allyl™ and diacrylates® as well as
thiol motifs, through a process known as photoclick
chemistry.”>™"” These thiol-based reactions are orthogonal,
highly selective and efficient, yielding the final molecule
without any by-products.'”® However, when it comes to
studies focused on colorectal and pancreatic cancer, there are
only a few examples in the literature that demonstrate the use
of gelatin-containing hydrogels crosslinked via thiol-ene
reactions.’>'*?° In our previous work, we reported the effec-
tiveness of the methacrylate-thiol system (GelMA + 4-arm PEG
thiol) as a robust platform for easily tuning hydrogel
mechanics. Furthermore, we also confirmed excellent cell
viability using semi-3D models (colorectal epithelial cells grown
on top of 3D substrates)."”

The biomaterials community has shown considerable inter-
est in using 3D cell culture hydrogels to replicate the TME as a
means of obtaining a more comprehensive understanding of
cancer progression. During this culture process, cells grow and
proliferate within a mechanical landscape which is constantly
being remodeled. Reproducing the dynamic state of the ECM is
a challenging task. However, a number of works focused on the
structural architecture, mechanical and biochemical functions
can be found in literature, offering valuable insights into cancer
research. Referring to colorectal cancer biomimetic studies,
Cadamuro and co-workers prepared hyaluronic acid-based
hydrogels through 3D bioprinting and they described how the
glycosylation of ECM proteins induced several alterations to the
proteome of the encapsulated HT-29 cells.”! Williams et al.
reported that HCT-116 cells displayed a different phenotype
when embedded into fiber-reinforced agarose hydrogels as a
result of morphological guidance.>” As well, Jabbari and co-
workers found that HCT-116 cells underwent phenotypic
changes towards a more aggressive and invasive behavior due
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to an increase in matrix stiffness.”® Similarly, in the context of
pancreatic cancer research, Betriu et al. elucidated how the
stiffness of self-assembling peptide scaffolds influenced cellu-
lar responses. These authors reported that increased matrix
stiffness led to downregulation of focal adhesion kinase (FAK)
in PDAC cells.** In addition, Puls and co-workers encapsulated
MIA PaCa-2 cells within collagen hydrogels of varying fibril
density and matrix stiffness. They subsequently observed sig-
nificant changes in cell morphology and proteins expression.>®

Despite the efforts of the scientific community, a significant
demand remains for the development of biomimetic models
tailored to the specific needs of PDAC and colorectal cancer
research, in order to further advance our understanding of
these diseases. In this study, we exploit our developed
methacrylate-thiol system (GelMA + 4-arm PEG thiol) platform
to fabricate cell-embedded 3D scaffolds for colorectal and
pancreatic cancer research. We aim to investigate how the
composition and the hydrogel stiffness influence the cell
viability, migration and proliferation of HCT-116 and MIA
PaCa-2 cells lines. Cell-free GelMA-based hydrogels were first
characterized in terms of swelling behavior and stiffness using
atomic force spectroscopy (AFM) measurements. Subsequently,
after encapsulating cells, the cell-laden hydrogels were assessed
at both day 1 and day 3 for cell viability, mitochondrial activity
and DNA content. Furthermore, to study cell migration, the
cell-laden hydrogels were placed in the IncuCyte™ live-imaging
system and continuously monitored in real-time over the
course of the 3 days of cell culture assay.

Materials and methods
Materials

Gelatin from porcine skin (type A, 300 Bloom), methacrylic
anhydride (MAA) (94%), 3-(trimethylsilyl)propionic-2,2,3,3-d,
acid sodium salt (TMSP), dialysis tubing cellulose membranes
(MWCO: 12-14 kDa), 2,4,6-trinitrobenzenesulfonic acid 5% w/v
solution (TNBS), sodium n-dodecyl sulfate 20% w/v solution
(SDS), glycine (ReagentPlus, >99%), photoinitiator 2-hydroxy-
4’-(2-hydroxyethoxy)-2-methylpropiophenone, also known as
Irgacure 2959 (12959), NaOH 1 N and DMEM 5 x were obtained
from Sigma Aldrich. Deuterium oxide was purchased from
Eurisotop. 4-Arm poly(ethylene glycol) thiol (4PEGSH) was
supplied by JenKem, USA. Poly(dimethylsiloxane) (PDMS) elas-
tomer was prepared from Sylgard-184 (Dow Corning). Type I rat
tail collagen (10.9 mg mL™ ") was purchased from Corning,
USA. Phosphate buffered saline (PBS) pH 7.4, high glucose
Dulbecco’s modified eagle’s medium (DMEM) without Phenol
red, Advanced DMEM, Glutamax, penicillin/streptomycin
(10000 U mL™") and non-essential amino acids (10x) were
purchased from Gibco, Life Technologies. Fetal bovine serum
(FBS), trypsin, Calcein AM (CAM), propidium iodide (PI) and
Triton X-000 were obtained from Sigma-Aldrich. 3-(4,5-
Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) reagent was supplied by Abcam. Paraf-
ormaldehyde and peqGold Blood & Tissue DNA Mini Kit
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protocol were purchased from VWR. Fluorescent dyes Cell
Tracker Orange CMTMR, 4',6-diamidino-2-phenylindole (DAPI)
and Alexa Fluor 488 Phalloidin were supplied by Invitrogen. All
purchased materials were used without further purification.

GelMA synthesis

Gelatin methacrylamide was synthesized on a 3-gram scale
according to Shirahama et al.>® In brief, a 10% w/v solution
of type A gelatin (300 Bloom) in carbonate-bicarbonate (CB)
buffer (0.25 M, pH 9) was prepared. The solution contained in a

. . (mm
amino content gelatm(
DF =
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the dark with gentle shaking to allow the nucleophilic substitu-
tion and formation of the yellow-colored amine derivative.*
After incubation, 25 pL of 10% w/v SDS solution and 12.5 pL of
1 M HCI were added to each sample to stop the reaction. The
absorbance of samples was measured at 330 nm using a
microwell plate reader (Multiskan Go, Thermo Scientific). A
glycine standard curve was used to calculate the amino group
content with standard sample solutions prepared at 0, 0.16,
0.32, 0.48, 0.64, 0.72 mM. All glycine solutions were subjected
to the same TNBS procedure as GelMA samples. DF was
calculated as shown in the following formula:

g

01) — amino content GeIMA (mmol)
x 100

. . (mmol
amino content gelatin .

round-bottom flask was heated in an oil bath at 50 °C for
20 min without stirring, and then vigorously stirred for 1 h until
complete dissolution. Next, methacrylic anhydride (MAA) was
added dropwise to the gelatin solution with an amine: MAA
feed molar ratio of 1:1.5, where the free amino groups of
gelatin were determined following the Habeeb method®’ also
used by Van Den Bulcke et al.® The reaction was allowed to
continue under stirring at 50 °C for 3 h. Afterward, the pH was
adjusted to 7.4 to halt the methacrylation reaction. The result-
ing solution was dialyzed against distilled water using dialysis
membranes. Dialysis took place inside an incubator at 37 °C
with gentle orbital shaking and was performed four times
within 24 h to remove salts, methacrylic acid, and anhydride.
Following purification, the product was subjected to an over-
night freezing at —80 °C. Finally, it was lyophilized for 1 week
and stored at —20 °C, shielded from light until further use.

NMR spectroscopy

NMR spectra were acquired at room temperature (RT) using a
Bruker AV-400 spectrometer and operating at a proton Larmor
frequency of 400.16 MHz. Both gelatin and GelMA macromer
samples were prepared at a final concentration of 25 mg mL ™"
in deuterium oxide. To serve as an internal standard, TMSP was
employed at a concentration of 1 mg mL ™ '. Data processing
was conducted using MestReNova software.

Degree of functionalization: TNBS assay

The degree of functionalization (DF) was determined as
the percentage of amino groups (originating from lysine
and hydroxylysine) derivatized in GelMA, as described in
literature.”® The quantification involved measuring the remain-
ing free amino groups using TNBS based on Habeeb method*”
and Lee et al. modifications.>® Each sample was prepared in
duplicate following the outlined protocol. In brief, separate
solutions of GelMA and gelatin were dissolved in 0.1 M CB
buffer pH 8.5, with concentrations of 5 mg mL ™" for GelMA and
1 mg mL~" for gelatin. Next, 50 pL of each gelatin solution were
pipetted into 96-well plates and 25 pL of 0.1% w/v TNBS were
added. Microwell plate was then incubated for 2.5 h at 37 °C in
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Hydrogels preparation

GelMA hydrogels were formed through free radical photopoly-
merization of the GelMA macromer in high glucose DMEM
supplemented with 1% penicillin/streptomycin and 1% v/v of
non-essential amino acids (named as DGO throughout the
manuscript), along with a photoinitiator. During photopoly-
merization, undesirable effects such as UV light absorption and
attenuation may be generated by the presence of phenol red in
cell culture media.** For this reason, gelatin-based solutions
were all prepared in DMEM without phenol red, with a final
concentration of 6% w/v Ge]MA macromer and 0.1% w/v 12959.
The hydrogel precursor mixture in DGO was incubated at 37 °C
for 1 h while protected from light to ensure complete dissolu-
tion. In the case of GelMA-SH hydrogels, 5% w/v 4-arm PEG
thiol solution in DGO was then added to the mixture at a final
functional group ratio methacrylamide : SH 1:0.5. As presented
in our previous work,"” PDMS molds with two different dimen-
sions enabled the fabrication of hydrogels for mechanical
testing. AFM measurements were performed with disc-shaped
scaffolds hydrogels (D = 10 mm, thickness = 1 mm) prepared by
pouring 120 pL of mixture into PDMS molds mounted on top of
glass slides. On the other hand, 130 pL of GelMA hydrogel
precursor were used to fabricate cylindrical hydrogels (D =
6 mm, thickness = 3 mm) for swelling experiments. Subse-
quently, hydrogels were incubated at RT for 20 min to allow for
physical gelation. Finally, hydrogels were exposed to UV light
(320-390 nm, 10 mW c¢m™?) for 10 s, 30 s or 150 s using and
OmniCure S2000 UV Lamp, resulting in the formation of the
final photopolymerized hydrogels. The UV time applied to each
hydrogel is indicated in the name given to each material, i.e. for
GelMA-30 the mixture was exposed to UV light for 30 s.

To create the control collagen hydrogels, a mixture was
made by combining 10.9 mg mL ™" of type I rat tail collagen
with 1 N NaOH and DMEM 5x in a proportion of 1:40 and 1:8
(v/v of collagen volume), respectively. After pouring the warm
mixture into the PDMS molds, collagen hydrogels were physi-
cally crosslinked at 37 °C for 20 min inside an incubator.
Furthermore, to include the UV condition in the control

This journal is © The Royal Society of Chemistry 2024
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samples, some collagen hydrogels were irradiated with the
maximum UV time employed within this work, that is, 150 s.

All the protocols with collagen, GeIMA and GelMA-SH
mixtures were performed under sterile conditions.

Hydrogels characterization

Swelling behavior. After hydrogel crosslinking, samples were
frozen in liquid nitrogen and lyophilized overnight. Freeze-
dried hydrogels were then weighed (Wy;) and submerged in
DGO at 37 °C for 24 h to dissolve the unbounded polymer
gelatin chains from the network. After incubation, the excess of
DGO was blotted by KimWipes. Next, hydrogels were frozen in
liquid nitrogen, lyophilized overnight and weighed again to
determine the final dry mass (Wy,). The changes in mass
between Wy, and Wy, define the percentage of material which
is chemically crosslinked and incorporated in the ultimate 3D
network. Thus, gel fraction (%) was derived using the following
formula:

e

Gel fraction (%) = W
al

x 100

On the other hand, the hydrogel swelling ratio refers to its
capacity to absorb an aqueous medium. The experimental
protocol to assess the mass swelling ratio (MSR) began with
the incubation of photocrosslinked hydrogels in DGO at 37 °C
for 24 h under sterile conditions. Then, the excess of DGO was
gently removed with a Kimwipe paper and samples were
weighed (W;). Finally, the dry mass of hydrogels (W) was
recorded after freezing in liquid nitrogen and lyophilizing
overnight. MSR (g g~ ') was defined as:

W,
Mass swelling ratio (gg™') = —*
(ee™) =y,

Three replicate samples of each condition were tested for all
calculations regarding gel fraction and MSR.

Mechanical testing: atomic force spectroscopy. AFM mea-
surements were conducted in contact mode using a NanoWi-
zard 3 AFM module (JPK Instruments AG, Germany), which was
paired with an optical inverted microscope (Nikon-Eclipse). For
nanoindentation experiments, qp-BioAC-CB1 probes (Nanosen-
sors, Switzerland) with a nominal spring constant of 0.3 N m™"
were utilized. Prior to AFM experiments, the cantilever was
calibrated as recommended for mechanical testing. The speci-
fic spring constant was determined using the thermal noise
method. Measurements were performed in DGO at 37 °C, and a
Petri dish heater (JPK Instruments AG, Germany) was employed
to maintain the temperature. To prevent disc-shaped hydrogels
from floating and interfering with nanoindentation, they were
cured directly onto a glass substrate, ensuring their stability.
After incubation in DGO at 37 °C for 24 h, the hydrogels were
placed in a Petri dish filled with tempered cell culture media.
Scan rate was set at 2 um s~ ' and force-distance curves were
recorded up to a force setpoint of 1 nN. Force mappings with an
8 x 8 pixel resolution were acquired over a 10 x 10 um area,

This journal is © The Royal Society of Chemistry 2024
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and three to four maps were recorded per sample. Young’s
Moduli of hydrogels were extracted by fitting the approach
curves to the Hertz model, approximating the tip as a 15° cone,
using the AFM software (JPK SPM Desktop - Nanowizard). For
statistical analysis, three samples of each condition were tested
to calculate means and standard deviations.

Cell culture

For 3D in vitro cell culture experiments, hydrogels were directly
prepared in 96 well-plates. HCT-116 and MIA PaCa-2 cells were
cultured in flasks in Advanced DMEM supplemented with 10%
v/v FBS and 1% penicillin/streptomycin (named as DG10
throughout the manuscript). Cells were maintained at 37 °C
in a humidified incubator with 5% CO, (standard conditions),
exchanging the medium every 2-3 days until they reached 90%
confluence. For the fabrication of cell-laden hydrogels, HCT-
116 and MIA PaCa-2 cells were first trypsinized, counted and re-
suspended in DG10. Following centrifugation, the pellet cells
were resuspended in warm mixtures of collagen, GelMA, or
GelMA-SH to achieve a final density of 4 x 10° cells per mL. For
GelMA and GelMA-SH hydrogels, each well was filled with
50 pL of the cell mixture, and the well plates were incubated
at RT for 10-15 min, shielded from light. After this incubation
period, the well plates were turned upside down to ensure
proper 3D distribution of cells within the hydrogel, and further
incubated at RT for an additional 5-10 min. Subsequently, each
well was irradiated the corresponding UV time (from 10 s to
150 s) and washing was performed twice with DGO to remove
the unreacted photoinitiator. Then, DG10 was added to each
well. For collagen hydrogels, the same protocol as previously
described for GelMA and GelMA-SH was followed unless for the
incubation process which occurred inside an incubator at 37 °C
instead of RT.

Finally, 96-well plates were cultured for 3 days under stan-
dard conditions, with DG10 being exchanged every other day.
Three to four cell-laden hydrogels were prepared for each
experimental condition.

Cell viability

Cell viability assessment was conducted on days 1 and 3 of cell
culture using a live/dead staining protocol. The cell-laden
hydrogels were incubated with 2 pg mL™' of calcein-AM
(CAM) and 6 pg mL™"' of propidium iodide (PI) in DG10 for
30 min under standard culture conditions. An inverted fluores-
cence microscope (Leica DMi8) was used to monitor cell
viability. The obtained fluorescence images were processed
with Image] software, and manual thresholding was applied
to quantify cell viability. Analysis of HCT-116 cell clusters was
performed by randomly selecting 150 clusters of each condition
and manually fitting their areas to spheroidal/elliptical shapes.

Cell metabolic activity. The metabolic activity of HCT-116 or
MIA PaCa-2 cells embedded in the hydrogels was assessed using
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) reagent. On days 1 and 3 of
cell culture, DG10 medium was replaced with 200 puL of fresh
DG10 in each well. Subsequently, the cells were incubated at

J. Mater. Chem. B, 2024, 12, 3144-3160 | 3147


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02640j

Open Access Article. Published on 04 March 2024. Downloaded on 12/4/2025 5:27:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

37 °C with 20 pL of MTS reagent diluted to a final concentration
of 9.1% v/v, following the manufacturer’s recommendation. After
a 4-hour incubation, the resulting colored solution was gently
mixed by pipetting, and the absorbance was measured at a
wavelength of 490 nm using a microwell plate reader (Multiskan
Go, Thermo Scientific). The absorbance of each condition was
normalized to the absorbance obtained from cells embedded in
collagen hydrogels. For each experimental condition, three
replicates were prepared.

DNA extraction

On days 1 and 3, well plates containing the cell-laden hydrogels
were frozen at —80 °C until further use. To prepare for DNA
isolation, each hydrogel was finely powdered in liquid nitrogen
using a cold mortar and pestle. The collected samples were
then processed following the peqGold Blood & Tissue DNA Mini
Kit protocol from VWR. Total DNA was isolated and quantified
using a Nanodrop spectrophotometer (Synergy HT, BioTek). For
DNA quantification, calibration was carried out using solutions
with increasing cell concentrations. Cell pellets were treated
similarly to the hydrogel samples. For each experimental con-
dition, three samples were tested.

Cell membrane staining & real-time cell monitoring. For live
cell imaging experiment and prior to the fabrication of cell-
laden hydrogels, HCT-116 and MIA PaCa-2 cells were incubated
with Cell Tracker Orange CMTMR (final concentration 15 pM)
to stain the cell membrane. After 20 min of incubation under
standard culture conditions and protected from light, washing
with DGO and centrifugation was performed twice. Then, the
cell pellets were resuspended with the corresponding amount
of collagen, GeIMA or GeIMA-SH precursor mixtures to prepare
the final embedded hydrogels. The 96-well plate was placed in
the IncuCyte® SX5 live-imaging system with a green/orange/
NIR optical module and monitored for 3 days. Under the
Standard scanning mode, brightfield and orange fluorescence
images were acquired with a 20x objective. Acquisition para-
meters were set at capturing 4 images per well and scanning at
intervals of 3 h for a total duration of the experiment of 3 days.
Non-adherent cell-by-cell analysis was performed using the
IncuCyte®™ software. For each experimental condition, three
samples were tested and calculations were carried out with
three thresholded images (one image per replica).

F-actin and nuclei staining and visualization. After 3 days of
cell culture, cell-laden hydrogels were rinsed with PBS three
times and fixed with 4% PFA for 20 min at RT. After washing
twice with PBS, samples were stored at 4 °C until further use.
For F-actin staining, PBS was removed from wells and hydrogels
were transferred to an 8-well p-slide (Ibidi) and permeabilized
with 0.1% v/v Triton X-100 for 20 min at RT. Cell-laden hydro-
gels were then incubated with Alexa Fluor 488 Phalloidin
(1:400) for 90 min at RT while protected from light. After
rinsing three times with PBS, nuclei staining was performed
with DAPI (1:1000) for 60 min at RT protected from light.
Confocal images were obtained with a 63x oil-immersion
objective (confocal Zeiss LSM 880 with a Plan-Apochromat
63X/1.4 oil (DT 0.19), DIC objective).
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Data analysis and statistics

All results are presented as mean + standard deviation (SD).
Graph plotting and statistical analysis were performed using
OriginPro 2020 software (OriginLab). Prior to significance test-
ing, normality was assessed using the Shapiro-Wilk test, and
the equality of variances between datasets was examined.
For determining significant differences (p < 0.05), Student’s
t-tests and one-way ANOVAs with Tukey’s post hoc tests were
employed.

Results and discussion
Functionalization of gelatin

The methacrylation of gelatin is a commonly employed techni-
que to produce photocrosslinkable derivatives, facilitating the
creation of a chemically bonded network upon exposure to UV
light. In the present work, the method described by Shirahama
et al.>® was utilized to adjust the experimental parameters and
optimize the incorporation of methacryloyl groups into gelatin
as previously described."” Successful methacrylation of primary
amines present in lysine and hydroxylysine residues was con-
firmed using "H-NMR spectroscopy® (Fig. S1, ESIt). The sig-
nals at 5.4 and 5.7 ppm, corresponding to the vinyl protons,
and the peak at 1.9 ppm, attributed to the methyl groups,
provided evidence of the presence of methacrylamide groups.
Additionally, the characteristic lysine signal at 3.0 ppm almost
vanished in the GelMA spectra, indicating the reaction of the &-
amino groups with MAA. The TNBS assay results indicated an
85% yield in the transformation of free amines to methacryla-
mide groups. Notably, this reaction does not involve arginine
residues, ensuring that the RGD motifs remained intact, and
GelMA retained its favorable cell adhesive properties.*>

Preparation and mechanical characterization of cell-free
hydrogels

As described in our previous work,"” GeIlMA and GelMA-SH
hydrogels constitute an excellent bioscaffolding platform for
in vitro cellular studies with epithelial cells. Given the good
results obtained, the present study was conducted using the
same hydrogels for 3D in vitro cell culture studies. We decided
to keep most of the experimental parameters, such as the
photoinitiator system 12959 and the GelMA concentration
(6% w/v), since previous studies in the literature had already
demonstrated good cell viability** and biocompatibility.**
Taking into account the ultimate 3D in vitro cell culture
experiments and the fact that the aqueous media used in
photopolymerization strongly influences the mechanical prop-
erties of hydrogels,*® all gelatin derivative and collagen solu-
tions were prepared in DGO. In the case of gelatin-based
precursor mixtures, they were poured into PDMS molds and
kept at RT, shielded from light, for 20 min before UV irradia-
tion, leading to the formation of a physical gel. As time
progresses, the random coil GelMA chains come together and
form triple helices through hydrogen bonds, leading to the
process of physical gelation (Fig. 1).*® This physical gel
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Fig. 1 Crosslinking procedures for GelMA and GelMA-SH hydrogels. Physical gelation at RT takes place during the 20 min incubation period.

formation taking place before UV irradiation is known to yield
stiffer networks with enhanced mechanical properties.®”

Consequently, after the 20-min period incubation at RT,
GelMA hydrogels were fabricated following a chain-growth
mechanism?® by exposing the precursor mixture to actinic light
for 30 s or 150 s (named as GelMA-30 and GelMA-150, respec-
tively). Regarding GelMA-SH hydrogels, the introduction of
thiol-methacrylamide chemistry enabled a mixed-mode cross-
linking upon UV irradiation (chain-growth and step-growth
mechanisms) which is related to higher conversion of func-
tional groups.®® This higher conversion has been previously
demonstrated to lead to stiffer hydrogels by using GelMA in
combination with the 4-arm thiol also employed in this work.
That is, keeping the same UV dose for curing, GelMA-SH
hydrogels are stiffer than their GeIMA analogues.”” We have
applied this alternative mixed-mode crosslinking strategy to
fabricate two different GelMA-SH hydrogels. Following a simi-
lar preparation method that that used in GelMA hydrogels,
after the incubation period, we have employed two different UV
light doses: 10 s and 30 s for hydrogels named SH-10 and SH-
30, respectively. It is worth to mention that GeIMA-SH hydro-
gels were prepared at a methacrylamide: thiol ratio of 1:0.5
(6% w/v GelMA and 1% w/v 4-arm thiol) to achieve a good
balance between the double bonds and sulfthydryl nucleophiles,
preventing dangling structures caused by an excessive thiol
proportion.*°

We decided not to dissolve the photoinitiator 12959 in
methanol since cells embedded within the network would be
affected by the presence of the organic solvent.*' This choice
was grounded in a preliminary assay carried out with GelMA-
150 hydrogels encapsulating HCT-116 cells prepared by

This journal is © The Royal Society of Chemistry 2024

keeping or removing the methanol from the precursor mixture
preparation protocol. As shown in Fig. S2 (ESIt), cell toxicity
was considerably reduced (55-fold) in hydrogels without metha-
nol. Consequently, all gelatin derivative solutions were pre-
pared by just thoroughly dissolving 12959 together with GelMA
macromer in warm DGO.

Additionally, to compare cell behavior against a 3D control
network, collagen hydrogels were fabricated. The vast majority
of articles on collagen hydrogels work at concentrations lower
than 4 mg mL ™~ '*>** which constitute a lower collagen content
than that of native tissue. Cancerous tissue presents a variable
collagen concentration ranging from 9 to 45 mg mL '**
however, the high viscosity of the precursor mixtures compli-
cates the experimental process. For this reason, we decided to
increase the collagen concentration compared to most of the
works published in the literature to approach a more physio-
logical content. Thus, the collagen hydrogels in this study were
prepared at 6 mg mL ™. As described in the previous section,
the collagen precursor mixture was prepared in DGO, poured
into PDMS molds and incubated at 37 °C the same 20-min
period time than GelMA-based hydrogels. During this time,
self-assembly of collagen molecules takes place rapidly to
generate a consistent scaffold.*> Apart from these widely pre-
pared collagen hydrogels (named as “Col” throughout the
manuscript) and to also include the UV light parameter into
the control samples, we decided to irradiate some of the
collagen hydrogels with the highest UV time among all condi-
tions, that is, 150 s (named as Col-150). Thus, the following
mechanical and biological discussion is focused on six
different bioscaffolds varying the network crosslinking proce-
dure and the UV-exposure time: Col-0, Col-150, GelMA-30,
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GelMA-150, SH-10 and SH-30 (photocrosslinked cell-free hydro-
gel images are shown in Fig. S3, ESIT).

Mechanical testing: AFM. The mechanical characterization
of the hydrogels started with nanoindentation measurements
to obtain the Young’s Moduli. Although bulk measurements
offer a comprehensive view of the 3D cell culture environment,
the increasing acknowledgment of the crucial role of matrix
stiffness at the microscale in influencing cell functions>*® has
launched the AFM technique to become a widespread applica-
tion to determine local gel mechanics.*” In fact, a thorough
study was recently performed by Richbourg et al.*® who cross-
evaluated five measurement methods of stiffness in covalently
crosslinked PVA hydrogels. According to these authors, con-
ducting multiple distributed nanoindentation experiments
can verify the uniformity of the entire sample and indeed,
they found that nanoscale stiffness generally aligned with
macroscale stiffness in PVA hydrogels, showing no consistent
deviation.

To create the closest physiologically relevant environment
possible, crosslinked hydrogels were allowed to reach equili-
brium swelling at standard culture conditions before nanoin-
dentation. After 24 h of swelling, AFM measurements were
conducted in DGO at 37 °C (Fig. 2).

Physically crosslinked collagen control hydrogels (Col-0)
exhibited a Young’s Modulus of 1.1 kPa. This result is in good
agreement with several studies in the literature which have
reported stiffness in the range 0.5-2 kPa, for collagen hydrogel
scaffolds formed under similar collagen concentration and
polymerization temperature.***° The irradiation with 150 s of
UV light yielded to stiffer hydrogels with a Young’s Modulus of
2.1 kPa. This UV-derived hardening mechanism has been
previously observed for collagen hydrogels. Ishibashi et al.
recently reported that the storage modulus for pre-gel collagen
solutions increased with the UV dose.’® Maeda analyzed the
effect of different UV wavelengths in the mechanical properties
of collagen gels in vitro.”* This study confirmed that tyrosine
crosslinks (dityrosines) increased with radiation at wavelengths

*AAN

Young's Modulus (kPa)
F-N
i

Col0  Col-150 GelMA-30 SH-10 GelMA-150 SH-30

Fig. 2 Stiffness results for collagen, GelMA and GelMA-SH hydrogels
prepared in DGO after different UV exposure times. Error bars SD. Note:
**kp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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between 300-340 nm, having the radiation at 330 nm the
greatest effect. Despite the fact that the maximum emission
peak from our UV lamp is 365 nm, the equipment covers a
wavelength range from 320 to 390 nm. The shortest wave-
lengths emitted by our lamp could cause dityrosine formation
contributing to the observed stiffening of collagen hydrogels.

Free radical crosslinked GelMA scaffolds were prepared by
irradiating with UV light for 30 s or 150 s (referred to as GeIMA-
30 and GelMA-150, respectively). The Young’s Modulus
obtained for GelMA-150 was 2.7 kPa, almost 17 times higher
than GelMA-30, that was 0.16 kPa. Comparison between
GelMA-SH hydrogels yielded a similar rise of approximately
15 times from SH-10 (0.33 kPa) to SH-30 (4.8 kPa). As previously
reported for homologous pre-hydrogels generated using metha-
nol to facilitate the photoinitiator solubilization, both chemis-
tries allow to tune the stiffness of the hydrogel over a large
range of values with biological interest, however the SH hydro-
gels lead to similar values with much lower UV doses, when
compared with GelMA scaffolds.

Interestingly, comparing these results with the ones
obtained for hydrogels formulated with methanol (Fig. S4A,
ESIT), an almost identical stiffness trend was observed, increas-
ing in the following order: GelMA-30, SH-10, GelMA-150 and
SH-30."” Nevertheless, a notable aspect was that all gelatin-
based formulations without methanol yielded softer hydrogels.
Besides, the shorter the UV exposure time applied, the greater
the decrease in stiffness with respect the methanol-containing
formulations. SH-10, GelMA-30, SH-30 and GelMA-150 under-
went a 9-fold, 7-fold, 4.5-fold and 2-fold reduction in Young’s
Moduli. To elucidate a feasible explanation, it seems obvious
the key role of methanol in properly dissolving the photoini-
tiator 12959. In general, one of the main requirements of
photonitiators is a good solubility in the precursor solution.’?
The efficiency of the derived photochemical processes is
strongly influenced by the efficiency of the photoinitiator
generating radicals. We assume that removing methanol from
the fabrication protocol led to a poor solubility of 12959 in the
cell culture medium DGO and consequently to a lower cross-
linking degree in all cases. Additionally, methanol could also
have a role in the physical gelation taking place while incuba-
tion at RT. As described above, at the initial stage of gelation,
random coil GelMA chains aggregate through hydrogen
bonding. The presence of methanol in the precursor mixture
could promote structural stability owing to the enhanced
intramolecular bonding.>

Diseased tissue typically exhibits higher stiffness than
healthy tissue. Several studies have confirmed that normal
tissues present Young’s Moduli around 1 kPa for both healthy
colon®**® and pancreas.®*? In contrast, colorectal cancer tissue
exhibits variations in stiffness based on the degree of disease
progression®* and pancreatic cancer tissue is characterized by a
heterogeneous map of stiffness as a result of fibrosis.> Nebu-
loni et al. performed AFM measurements with CRC samples
derived from three donors and found that the vast majority of
results ranged from ~3 to ~30 kPa.>® The median elastic
modulus obtained by Kawano and coworkers for CRC samples
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from 106 tissue donors was 7.51 kPa but the whole range
covered from 1.1 to 68.0 kPa.>® As for human pancreatic
tumors, Rubiano et al. employed a custom indentation equip-
ment to test the resected samples, reporting a mean value of
5.46 + 3.18 kPa"® while Rice and coworkers showed an upper
quartile mean stiffness of 4 kPa for PDAC.*> Considering our
platform of hydrogels and the Young’s Moduli obtained,
GelMA-30 (0.16 kPa) and SH-10 (0.33 kPa) scaffolds would be
even softer than healthy tissue. On the other hand, Col-0
(1.1 kPa), Col-150 (2.1 kPa), GelMA-150 (2.7 kPa) and SH-30
(4.8 kPa) hydrogels showed stiffness matching with the initial
stages of CRC but also with the metastatic tumors and the
highly fibrotic PDAC stroma.

As a conclusion for this section, a precise control over
stiffness with remarkable reproducibility led to the preparation
of custom-tailored hydrogels upon well-defined and easily-
adjustable irradiation UV times. The mechanical properties of
the prepared hydrogels closely resemble those of both healthy
and tumoral pancreas or colon tissues, making them a promis-
ing platform for cancer research.

Gel fraction and swelling properties. As shown in Fig. 3(A)
there was no significant difference between the gel fractions of
Col-0 and Col-150 hydrogels with values near 30% in both
cases. Col-150 exhibited higher stiffness than the non-
irradiated control but as it has already been explained, this
could be due to the formation of dityrosine crosslinks. Since
type I collagen is a triple-helical protein, it is highly likely that
dityrosine crosslinking takes place between tyrosine residues
from adjacent polypeptide chains within the helix or even
intramolecularly. This condition would reinforce the collagen
network in terms of stiffness not affecting the total solid
content. The comparison of Col-0 and Col-150 with gelatin-
based scaffolds has been discarded since the latter are chemi-
cally crosslinked scaffolds (while collagen hydrogels are pre-
pared only by physical gelation) and in addition, the initial
solid content in the precursor formulations varies one order of
magnitude (6 mg mL ™" in collagen mixtures and 60 mg mL™ " in
gelatin-based mixtures).

Gel Fraction (%)
g

204

10 4

Col-0  Col-150 GelMA-30 SH-10 GelMA-150 SH-30

View Article Online

Journal of Materials Chemistry B

Considering the definition of gel fraction, this property
indicates the percentage of macromer molecules forming the
3D network. It is hence expected that the softest hydrogels with
low degrees of crosslinking (GelMA-30 and SH-10) exhibit also
low values of gel fraction (15.1 + 1.5% and 29.6 + 6.3%,
respectively) as a result of a higher proportion of non-
bounded polymer chains leaching out from the network during
swelling. In contrast, the stiffest scaffolds (GelMA-150 and SH-
30) displayed higher gel fractions (74.6 + 2.9% and 70.4 =+
1.1%, respectively) according to also higher final polymer
concentrations. These results agree with the works of several
authors for related materials.>**® Notably, even though the gel
fraction outcomes are almost identical, SH-30 scaffolds exhib-
ited a significantly higher stiffness (4.8 kPa) than GelMA-150
(2.7 kPa) as described in the section above. Again, this result is
originated by the thiol click chemistry: a mixed-mode cross-
linking strategy comprised a larger amount of reactive groups,
yielding a higher crosslinking density and stiffness.

As for the swelling properties (Fig. 3(B)), Col-0 and Col-150
hydrogels exhibited no significant differences in their elevated
mass swelling ratios (34.4 + 1.9 and 38.0 £ 1.3, respectively).
Indeed, it is known that collagen stands out for its exceptional
degree of hydration which plays a crucial role in the stabili-
zation of the triple helical conformation.>” Interestingly, in a
very similar manner as the comparison described in the pre-
vious section, MSR results displayed the same trend as the one
obtained for methanol-containing GelMA-derived hydrogels
(Fig. S4B, ESIt), although absolute values were higher in all
cases (matching with the lower stiffness). Less crosslinked
hydrogels, which are softer, exhibit higher capacity to absorb
aqueous medium. This was confirmed by comparing pairs
of scaffolds created through the same synthesis strategy:
GelMA-30 (MSR: 26.9 £ 1.5) demonstrated a 1.8-fold increase
compared to GelMA-150 (MSR: 14.7 + 0.1). Likewise, SH-10
scaffolds (MSR: 40.8 + 4.9) were characterized by a 1.6-fold
higher MSR than SH-30 (24.8 + 0.6). However, the comparison
between the two softest hydrogels showed an inverse trend: SH-
10 condition exhibited an unexpectedly high MSR compared to
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Fig. 3 Swelling characterization in DGO: gel fraction (A) and mass swelling ratio data (B). Error bars SD. Note: ****p < 0.0001, ***p < 0.001, **p < 0.01,

*p < 0.05. Non-statistical differences are not drawn in the graph.
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GelMA-30 (1.5-fold increase) while it was also twice as stiff.
Similarly, SH-30 displayed a 1.7-fold rise in MSR than GelMA-
150 whereas stiffness was 1.8 times higher. This increased
swelling capacity is attributed to the presence of hydrophilic
PEG-thiol chains in the GelMA-SH networks. Additionally,
Bertlein et al®* explained the different swelling behavior
depending on the network crosslinking mechanism. Free radi-
cal photopolymerization is associated to heterogeneous
networks®®>® with reduced swelling capacity. In contrast,
hydrogels fabricated through thiol click chemistry are defined
by a more uniform distribution of crosslinking density with
enhanced swelling properties.

Summing up, the comparison between GelMA-based scaf-
folds fabricated through the same chemical crosslinking
mechanism (either chain-growth or mixed-mode photopoly-
merization) confirmed that softer hydrogels displayed lower
values of gel fraction and hence, greater MSR values. In addi-
tion, the introduction of the PEG chains within the hydrogel
network led to a remarkable rise in the swelling capacity.

Cell culture

Cell growth and proliferation. Homologous hydrogels have
been previously used as substrates where epithelial cells were
seeded on top, creating semi-3D models with good cell prolif-
eration rates and forming a confluent monolayer of polarized
Caco-2 cells.”” Considering the favorable biological behavior of
the hydrogel materials, we aimed to further exploit the
potential of this material platform by transitioning to 3D
models with cells embedded within the hydrogels. While
Caco-2 cells are primarily employed for mimicking the intest-
inal barrier according to their well-known behavior of establish-
ing a polarized cell monolayer, for three-dimensional studies
we have selected HCT-116 cells representing the colorectal
cancer condition®**® and MIA PaCa-2 cells for the pancreatic
disease.”® Tumoral cells were encapsulated within the six
aforementioned types of hydrogels - Col-0, Col-150, GelMA-
30, GelMA-150, SH-10 and SH-30 - and cultured for 3 days. Cell
viability was assessed using CAM/PI staining at day 1 and day 3.
Since cells were present during the UV-crosslinking, Col-150
was used to assess the effect of UV irradiation on cell viability.
As shown in Fig. 4 all matrices exhibited an excellent cytocom-
patibility for HCT-116 cells with only a slightly higher mortality
in GelMA-150 hydrogels at day 1. At first glance, one could
think about the UV light dose of 150 s generating this differ-
ence in cell behavior, however, Col-150 condition displayed the
same extremely low mortality as the other hydrogels. Taking it
all together, we hypothesize about a synergistic effect of the
large UV irradiation time and the simultaneous crosslinking of
GelMA chains. We have assessed this influence of UV irradia-
tion on cell viability only in collagen samples, since unlike
collagen, GelMA chains need to be UV-irradiated to form an
irreversible crosslinked network and it is not possible to have
GelMA-0 hydrogels.

On the other hand, considering the area occupied by living
cells (green area in live/dead micrographs), it seems that both
GelMA scaffolds presented the highest composition affinity
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towards HCT-116 cells with CAM areas around 50% while the
living cell occupancy for the other four scaffolds was near 40%
(Fig. 5(A)).

Interestingly, the initial single cell suspension of HCT-116
cells underwent proliferation, resulting in all cases, in the
formation of compact cell clusters throughout the 3-day experi-
mental period with particularly distinct features depending on
the hydrogel (Fig. 6). In order to gain insight in the cell cluster
formation, we sorted the cluster in three groups attending to
their size: clusters with areas below 500 um?, in the range of
500-1000 pum? or larger than 1000 pm? were defined as “small”,
“medium” and “large”, respectively (Fig. S5, ESI{). On one
hand, Col-0 and Col-150 hydrogels exhibited the most homo-
geneous distributions in terms of cluster sizes, although a
higher amount of medium (blue) and large (yellow) structures
were observed rather than small ones (pink). In GelMA-30, the
softest biomaterial in this study, there was a clear predomi-
nance of large clusters, being the cell area occupied by this type
of aggregates (32.1%) the highest among all scaffolds. Notably,
medium cell aggregates had a very low occupancy (3.4%),
almost 4 times less than the smallest clusters (12.7%). On the
other hand, the cell area occupied in GelMA-150 hydrogels,
which showed the nearest stiffness to Col-0 and Col-150, was
equally distributed among the three sizes of clusters, as well.
Similar to GelMA-30, the also soft SH-10 condition promoted an
area occupancy dominated by the larger clusters (20.0%) while
medium and small structures occupied a similar area (7.8%
and 7.1%, respectively). Finally, the stiffest hydrogel SH-30 area
was also evenly occupied by large, medium and small clusters
although it is worth mentioning that this condition displayed
the lowest occupancy by large clusters (10.2%) among the six
hydrogels. Looking at each pair of hydrogels with the same
chemical composition (Col, GelMA and SH), it is clear the effect
of stiffness on the aggregates size: the higher area occupied by
large clusters was observed when HCT-116 cells were cultured
in the softer hydrogels. Our results agree with other works
found in the literature on epithelial breast cancer and ovarian
cancer where larger cell aggregates presented a progressively
lower area occupancy with increasing stiffness.®’~®* This could
be explained by the degree of restriction established by the
matrix: low-stiffness hydrogels offer a permissive environment
for cell migration and growth. In contrast, high-stiffness hydro-
gels correspond to matrices that may restrict cell cluster
growth. Above all, it should be highlighted that these 3D
cellular structures emerged without the need for any biochem-
ical stimuli, showcasing the adaptability of collagen and GeIMA
in creating a tunable biomimetic tumor microenvironment.
Histograms and visual scheme on cluster size quantification
are shown in Fig. S5 (ESIt). Finally, and as a consequence of
cellular clustering, CAM areas at day 3 decreased in all cases,
being especially significant in the stiffest conditions: GelMA-
150 and SH-30 (Fig. 5(A)).

Regarding MIA PaCa-2 cell line, a non-aggregating pattern
was observed and all scaffolds showed excellent biocompat-
ibility at days 1 and 3 (Fig. 4). In addition, cells quickly
proliferated and CAM areas increased from 35-40% (day 1)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 3D culture of HCT-116 and MIA PaCa-2 cells embedded within collagen and GelMA-based hydrogels over 3 days. Live/dead micrographs of
HCT-116 (left) and MIA PaCa-2 cells (right) evolution on Col-0, Col-150, GelMA-30, SH-10, GelMA-150 and SH-30 scaffolds on day-1 and day-3 of cell
culture. The scale bar represents 100 um for 20x micrographs.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 3144-3160 | 3153


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02640j

Open Access Article. Published on 04 March 2024. Downloaded on 12/4/2025 5:27:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

A HCT-116
100 | -
.
T T m
80 " e e—
.
-
£ 60 .
© *
o -
= 4 1
T a0- L
= | L 1
<
o
20 4 I I
J
17
0.5
07 SRR D1 | D3
Co-0 | Co-150 | GelMA-30 |GeA-150] SH-10 | sH-30 |

View Article Online

Paper
B MIA PaCa2
100 -
80 4
s
£ 60+ :
g . .. " oe
©
% 40 1
1 L
S BRull
20
L
17
0.5
07 I AR D1 | D3
Co-0 | Co-150 | GelMA-30 |GeA-150] SH-10 | sH-30 |

Fig. 5 Area percentage of alive CAM (green) and dead PI (red) stained cells from micrographs of HCT-116 (A) and MIA PaCa-2 cells (B) on collagen and
GelMA-based scaffolds on day-1 and day-3 of cell culture. Error bars SD. Note: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 (non-statistical
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Fig. 6 HCT-116 cluster occupancy percentage from CAM staining in live/
dead micrographs at day 3 of 200 x 200 pum (20x objective) in collagen
and GelMA-based hydrogels depending on the cluster size. Small, medium
and large clusters are represented in pink, blue and yellow, respectively.

up to near 50% (day 3) in all cases, with the exception of SH-10
(Fig. 5(B)). Conversely to HCT-116, matrix stiffness and compo-
sition did not apparently affect biological behavior in terms of
cell growth and morphology.

To sum up, the platform of bioscaffolds generated to encap-
sulate HCT-116 and MIA PaCa-2 cells yielded physiologically
relevant matrices where cells remained viable, grew and suc-
cessfully proliferated (3D renders of the three-dimensional
distribution of cells within the hydrogels are shown in Fig.
S6, ESIT).

Live-cell time-lapse imaging. To gain a deeper knowledge
about cell growth and also cell clustering in the case of HCT-
116 cells, real-time cell proliferation was monitored using the
IncuCyte® system. With this equipment, it becomes possible to
perform live imaging of cell-laden hydrogels without the need

3154 | J Mater. Chem. B, 2024, 12, 3144-3160

to remove the cell culture plate from the incubator. Cell
membrane was stained with the fluorescent dye Cell Tracker
Orange CMTMR and the real-time screening was conducted for
3 days, scanning at intervals of 3 h. As shown in Fig. 7, clear and
defined cellular shapes were only imaged in the softer hydro-
gels GelMA-30 and SH-10 due to their loose networks. Phase
confluence analysis was conducted for all six conditions, how-
ever, we herein discuss the most reliable results corresponding
to GelMA-30 and SH-10. According to Fig. S7 (ESIf), HCT-116
cells showed a generally higher occupancy in GeIMA-30 than in
SH-10 as already seen with live/dead images although cell area
occupancy did not considerably vary throughout the experi-
mental period in none of the conditions. Likewise, phase area
occupancy in MIA PaCa-2-laden hydrogels hardly displayed
differences among the six hydrogels (Fig. S7, ESIf).

The truly appealing feature of HCT-116 cells to be analyzed
with the Incucyte® system was the cluster-like conformation
observed in all scaffolds. The progressive formation of these 3D
cellular aggregates was easily followed in the softest hydrogels
GelMA-30 and SH-10. Time-lapse movies can be found in the
ESLt As confirmed in Movies 1 and 2, (ESIt) cells started to
move within the network and group together from the very
beginning. Individual migration of single cells was observed
according to Fig. S8 (ESIT). Small multicellular clusters were
already observed after 17 h of cell culture both in GelMA-30 and
SH-10 hydrogels and kept growing over time not only because
of cell proliferation but also the assembly of cell aggregates that
were initially separated in close proximity and moved toward
each other progressively. Upon coalescence, the newly formed
cluster undergoes a remodeling and compacting event, match-
ing with the results reported by Palmiero et al. with several cell
lines in their study about collective directional migration.®*
Furthermore, during the experimental process, cell aggregates
had the ability to rotate within the crosslinked network as
shown in Fig. S9 (ESIT). This event was also reported by Peela
et al. in their developed tumor model for breast cancer with
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Fig. 7 Phase-contrast and orange fluorescence images from IncuCyte® of HCT-116-embedded hydrogels at t = O (left) and day-3 (right). The scale bar
represents 100 um for 20x micrographs. (The twin figure for MIA PaCa-2 cells corresponds to Fig. S12, ESI¥).

MCF7 and MCF10A clusters formed in GelMA hydrogels.’
Likewise, Tanner and coworkers thoroughly described cellular
rotation during the formation of glandular tissue and proposed
this phenomenon to be promoted by the temporal loss of cell-
ECM interactions and local degradation of ECM.®® As

This journal is © The Royal Society of Chemistry 2024

mentioned above, we additionally observed how clusters
approximated to each other to finally assemble into a larger
aggregate (Fig. S10, ESIT), probably due to the secretion of
autocrine and paracrine factors that can modulate and drive
the migration of the surrounding cells. In this respect, a wealth
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of studies has focused on collective cell migration taking place
during metastasis. Although several phenomena remain to be
investigated, there is evidence that tumor cell communication
is supported by the expression of cell adhesion molecules such
as E-cadherin (essential for adherent junctions)®® and mediated
by upstream signaling. The autocrine secretion of soluble
factors such as chemoattractants are partly responsible of
cluster-cluster crosstalk at distance and collective directional
migration occurs due to chemotaxis (concentration
gradients).*#*® Regarding MIA PaCa-2 cell line, we also wit-
nessed cell migration as a function of time, however and
conversely to HCT-116 cells, MIA PaCa-2 cells grouped together
while keeping intact their membranes as well as the fluores-
cence, not fusing into 3D clusters (Fig. S11, ESIT).

Thus, real-time cell monitoring disclosed individual and
collective cell migration of both HCT-116 and MIA PaCa-2 cells.
Notably, it was observed that the progressive approach between
HCT-116 cells along with cell proliferation generated well-
defined clusters with the ability to rotate and migrate.

Motility structures: actin-based protrusions. In order to
confirm that the observed HCT-116 migratory behavior corre-
lated with the expression of motility structures, F-actin in the
cytoskeleton was analyzed through phalloidin staining in cells
embedded within GelMA-30 (softest condition) and SH-30
hydrogels (stiffest condition). Both HCT-116 individual cells
and clusters exhibited a rounded shape with a defined cortical
F-actin ring (Fig. 8). Remarkably, actin-based protrusions
known as filopodia were observed at the cell margins, which
are likely associated with cell migration processes.®”*® Filopo-
dia are long and slender dynamic structures which can rapidly
extend and retract in multiple orientations, enabling cells to
perceive their microenvironment and establish connections
with neighboring cells or surfaces.®® Thus, the presence of
filopodia on the surface of HCT-116 cells allow them to sense
chemical cues eventually promoting cell motility.

Metabolic activity. MTS assay was conducted to quantita-
tively determine the metabolic activity of the proliferating cells
encapsulated within the hydrogels. All results were normalized
to the Col-0 hydrogel control at day 1. Metabolic activity of HCT-
116 cells (Fig. 9(A)) embedded in Col-0 and Col-150 scaffolds

Fig. 8 Expression of F-actin in HCT-116 cells embedded within GelMA-
30 (left) and SH-30 (right) hydrogels. Nuclei (blue) and F-actin filaments
(green) were stained using DAPI and Alexa Fluor-488 Phalloidin, respec-
tively. Orange arrows indicate filopodia projections in Z-stack images. The
scale bar represents 20 um for 63x micrographs.

3156 | J Mater. Chem. B, 2024, 12, 3144-3160

View Article Online

Paper

was not affected by the culture time nor matrix stiffness. As for
the GelMA-based hydrogels, a clear trend was observed: cells
embedded in softer hydrogels (GelMA-30 and SH-10) reduced
their metabolic activity after 3 days of culture while the stiffer
scaffolds promoted the opposite effect, cells encapsulated in
GelMA-150 and SH-30 displayed an increase in metabolic
activity. This result aligns with the work of Baker and co-
authors who found that increased colorectal tissue stiffness
resulted in a more proliferative and invasive phenotype.”®
Probably due to differences in the macromer composition,
HCT-116 cells embedded in GelMA-based hydrogels were less
metabolically active than those in collagen-based scaffolds.
According to literature, RGD sequences are known to mediate
cell attachment on gelatin scaffolds due to the unfolded
structure of gelatin chains and the availability of RGD motifs
to bind integrins. However, in the native helical collagen fibers,
these motifs are so constrained that they cannot longer interact
with integrins and collagen recognition relies on another
binding site known as GFOGER. Consequently, integrins
involved in cell attachment are different in collagen and gelatin
scaffolds.”"”* Considering the well-described reciprocal regula-
tion of integrins and cell metabolism,”® this could explain the
different metabolic activity recorded for collagen-based and
GelMA-based scaffolds.

On the other hand, MIA PaCa-2 cells exhibited a slightly
different behavior compared to HCT-116 cell line (Fig. 9(B)).
Looking at the soft and medium stiffness hydrogels, Col-150,
GelMA-30 and SH-10 exhibited an increased metabolic activity
compared to the control Col-0 hydrogel. Although 12959 photo-
initiator system has demonstrated excellent cytocompatibility,
the irradiation with UV light may cause weak cell damage and
as a result, MIA PaCa-2 cells might have become metabolically
more active to overcome this initial harm. Similar findings were
reported by Kremslehner and colleagues, who found a glucose
6-phosphate dehydrogenase (G6PD) upregulation in keratino-
cytes as an immediate UV response. G6PD constitutes the
initial stage in the metabolic pathway for processing glucose
via the oxidative branch of the pentose phosphate pathway
(PPP). Cells that have previously experienced UV-induced oxi-
dative stress and DNA damage generally exhibit a heightened
demand for the products generated by the PPP. Thus, the
authors verified that G6PD activity was upregulated in kerati-
nocytes exposed to UV and that this enzymatic activity was
increased in cells which initiated nucleotide damage response
mechanisms.”*

Remarkably, all scaffolds with stiffness below 2 kPa (Col-0,
Col-150, GelMA-30 and SH-10) displayed a drastic decrease in
metabolic activity after 3 days of culture despite the increased
live cell area occupancy observed in live/dead micrographs. In
contrast, no significant differences were found in GelMA-150
condition at days 1 and 3 while cells encapsulated within the
stiffest hydrogel SH-30 showed a slightly higher metabolic
activity over time.

In conclusion, the microenvironment created by the softest
GelMA-based scaffolds (GelMA-30 and SH-10) promoted a
decreased cell metabolic activity for both tumoral cell lines

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Mitochondrial metabolic activity was assessed through MTS assay on day-1 and day-3 of cell culture for HCT-116-laden (A) and MIA PaCa-2-
laden (B) hydrogels. Error bars SD. Note: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Thin and dashed lines represent statistics among scaffolds
on day-1 and day-3, respectively. Thick lines correspond to statistical differences between day-1 and day-3 within the same condition. (Statistical

differences towards Col-0 and Col-150 and non-statistical differences are not drawn in the graph — see Fig. S13, ESI¥).

HCT-116 and MIA PaCa-2, according to healthy tissue-like
conditions. Instead, stiffer GelMA-150 and SH-30 hydrogels
markedly generated a rise in HCT-116 metabolic activity while
they had minimal effect on MIA PaCa-2 cells.

DNA content. Since metabolic activity is not a univocal
measurement of cell proliferation, the number of cells present
in each hydrogel was determined through the DNA quantifica-
tion assay. On the one hand, HCT-116 outcomes led to sig-
nificant differences between days 1 and 3 for SH-10 and SH-30
scaffolds (Fig. 10(A)). Matching with the metabolic activity
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results, a fewer number of cells were detected in the soft SH-
10 condition at day 3 compared to day 1 while the stiffer SH-30
showed the opposite trend. The denser network from SH-30
might provide the cells with a greater number of interaction
points to adhere, enhancing proliferation as well. In addition,
cells are known to perceive the physical signals induced by
matrix stiffness and undergo modifications in morphology and
proliferative potential due to the cascade of mechanotransduc-
tion events triggered by these physical cues.”> Among the four
GelMA-based hydrogels, it is noticeable the lower amount of
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Fig. 10 DNA content is expressed as the number of HCT-116 (A) and MIA PaCa-2 cells (B) embedded within collagen and GelMA-based hydrogels on
day-1 and day-3 (calibration curves are shown in Fig. S14, ESI¥). Error bars SD. Note: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Thin and
dashed lines represent statistics among scaffolds on day-1 and day-3, respectively. Thick lines correspond to statistical differences between day-1 and
day-3 within the same condition. (Statistical differences towards Col-0 and Col-150 and non-statistical differences are not drawn in the graph — see Fig.
S15, ESIH).
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cells found in GelMA-150, presumably related with the higher
mortality observed with live/dead staining. On the other hand,
the number of MIA PaCa-2 cells encapsulated in the softer
hydrogels GelMA-30 and SH-10 decreased over time (Fig. 10(B))
along with the also lower metabolic activity. We found an
unexpectedly low amount of cells at day 3 in Col-0 and
GelMA-150 hydrogels compared to the other conditions. Several
studies have already reported that DNA content and metabolic
activity do not necessarily correlate in all cases. Lim et al
observed that sharp rises in metabolic activity over time did
not correspond to changes in the quantified cellular DNA of
chondrocytes embedded in GelMA scaffolds’® and Brand and
coworkers pointed out that chemotaxis could be the reason for
reporting a reduced DNA content in mucin-based hydrogels
after 7 days of culture in spite of recording an increase in the
metabolic activity of human mesenchymal stem cells.””

To conclude, a good alignment of results was generally
found for the softest conditions (GelMA-30 and SH-10) in both
cell lines HCT-116 and MIA PaCa-2, matching the decreased
metabolic activity at day 3 with a lower quantified DNA content.

Conclusions

The creation and evaluation of 3D scaffolds for cancer disease
research has become a crucial step halfway from affordable
simple 2D substrates and expensive complex in vivo models.
Herein, we explore a platform of photopolymerized GelMA-
based hydrogels with tunable stiffness as biomimetic 3D
models for colorectal and pancreas diseases. We found that
hydrogels prepared without methanol in the initial formulation
exhibited lower mechanical properties than those with metha-
nol but same trends and capability to tune stiffness although
in a lower range of values. Besides, cell viability displayed
an exceptional increase in hydrogels formulated without
methanol.

Thus, in addition to the outstanding biological performance
shown in semi-3D experiments from our earlier work, GelMA-
based scaffolds also exhibited excellent cytocompatibility in 3D
cell culture assays performed with two tumoral cell lines, HCT-
116 and MIA PaCa-2 cells. HCT-116 cells cultured in collagen
and GelMA-based hydrogels showed a clustering growth
pattern with cell aggregates of different sizes over time which
changed in response to the surrounding network. These results
evidenced that less densely crosslinked and softer matrices
represent permissive microenvironments for cell growth and
migration. Linked to this cell motility, real-time monitoring
revealed individual and collective migration of HCT-116 and
MIA PaCa-2 cells. On the other hand, the formation of HCT-116
cellular clusters as a function of time pointed out the suitability
of collagen and GelMA scaffolds to recreate the tumor cell
microenvironment. HCT-116 cell line presented abundant filo-
podia formation which is in good agreement with its migratory
behavior. Finally, the measured metabolic activity underwent a
significant increase in stiffer hydrogels over the cell culture
time while soft scaffolds promoted a drastic reduction. This
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proliferative and metabolically active phenotype developed
within stiff networks matches with the malignant behavior
observed in cancerous tissue.

In conclusion, we have demonstrated the ability of our
GelMA-based material platform to create three dimensional
microenvironments with different chemical composition, swel-
ling behavior and stiffness and how HCT-116 and MIA PaCa-2
cells responded distinctly to the surrounding photocrosslinked
matrix. This research establishes an attractive basis for further
and more complex tumor models comprising concentration
and stiffness gradients or co-culture with cancer associated
fibroblasts (CAF), among others.
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