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Abstract

Tumor organoids have great potential as a 3D in vitro system to model cancer. In this work, we studied how the structure
of hydrogels based on gelatin with methacryloyl groups (GeIMA) can affect their usage in tumor organoids. To this end,
gelatin hydrogels with different levels of methacrylation and with cellulose nanocrystals (NCC) or reduced graphene
oxide (rGO) were prepared and used to encapsulate human colon carcinoma cells (RKO). Mechanical properties of the
hydrogels were measured in dynamic conditions at 37°C and water. Results showed that NCC was able to provide higher
mechanical stability to the hydrogels. RKO cells embedded in GeIMA were able to proliferate within the hydrogels,
leading to the formation of groups of cells after 48 h. GeIMA with higher crosslink densities and NCC tended to show
higher cell population as possibly due to the higher level of stability and rigidity displayed by these hydrogels.
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1. Introduction

Inrecent years, an in vitro 3D model alternative for human
tissues, called organoids, has been increasingly studied.
An organoid is a group of cells that has an organization
similar to an organ or tissue, usually grown in a special
3D substrate!!?l. Organoids can be used to model a disease,
introducing mutations of the disease or using pluripotent
cells derived from the patient to allow drug testing and
tissue replacement therapies!®!.

Cancerous organoids can be developed from patients
with varying degrees and subtypes of cancer. Patient-derived
organoids may have genetic backgrounds, while normal
organoids can be used to model cancer evolution after the
insertion of oncogenic mutations®. The behavior of cancer
strains in tumor organoids can be monitored in real time by
using microscopic images, as well as cell lines, which can
be expanded and preserved to establish a live biobank!¥.

Significant advances in biomaterials, especially hydrogels,
have offered opportunities to facilitate the development
of 3D systems that can be used in promising mini tumor
organoids®. Biomacromolecule based-hydrogels can be
designed to favor cell adhesion, proliferation, migration and
differentiation, and provide cells with a highly hydrated 3D
environment that mimics natural soft tissues!®. Thus, the
three-dimensional structure of hydrogels together with the
encapsulation of cells has great potential as an alternative to
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tumor organoids as an effective cancer model to study the
mechanisms of action and inhibition of tumor invasion!”.

Despite the remarkable achievements and technological
progress of the last decade, developing a three-dimensional
structure with efficient cellular application is still a difficult
task(®. Numerous approaches have been developed and tested
in which they often presented non-scalable strategies and
sometimes 3D conditions more similar to 2D cell culture.

Thus, in this work, the objective was to pursue the
development of tumor organoids based on a three-dimensional
matrix of gelatin methacryloyl (GeIMA). The structure and
properties of GeIMA were tuned by varying the crosslinking
density, and by the incorporation of nanocomponents, such
as cellulose nanocrystal (NCC) and reduced graphene oxide
(rGO) to check the ability of this artificial extracellular
matrix to support the growth of embedded human colon
carcinoma cell lines (RKO AS45-1).

2. Materials and Methods

2.1 Materials

Gelatin from Porcine Skin Type A 300 Bloom
(Sigma-Aldrich, G1890), Methacrylic Anhydride (MAA,
Sigma-Aldrich, 276685), Dialysis Membrane Spectro /

1/8


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8698-4180
https://orcid.org/0000-0002-9376-1065
https://orcid.org/0000-0002-7072-9716
https://orcid.org/0000-0003-1158-5246
https://orcid.org/0000-0002-2038-0405
https://orcid.org/0000-0002-6046-4056

Souza, S. 0. L., Oliveira, S. M., Lehman, C. P, Silva, M. C., Silva, L. M., & Oréfice, R. L.

MWCO 12-14 kDa (Fisher Scientific), 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Sigma-Aldrich,
410896-10G), Dulbecco’s Modified Eagles Medium
(DMEM), High Glucose (Life Technologies, 11320033),
Bovine Fetal Serum (BFS, Gibco), Trypsin 0.25% (Gibco
by Lite Technologies), Antibiotic Penicilin Streptomycin
(PENSTREP, Gibco by Life Technologies), LIVE / DEAD
™ Viability / Cytotoxicity Kit (Molecular Probes, 13224),

Reduced Graphene Oxide (rGO) was donated by
CTNANO, UFMG, Brazil.

2.2 Preparation Pre-GelMA

The synthesis of gelatin methacryloyl was performed
by solubilizing 10 g of gelatin in 100 ml of PBS (pH 7.4)
at 50°C. Then, 4 g of MAA or 7 g of MAA were added
to the gelatin solution to produce two different levels of
methacrylation: low (LL) and high (HL), respectively.
The solutions were stirred for 2 hours at 50°C, and dialyzed
for 5 days against DI water, under agitation. The ungelled
so-called pre-GeIMA was frozen and then lyophilized.

2.3 Preparation GelMA

To produce GelMA, a solution of 10 mg of 2-hydroxy-4’-
(2-hydroxyethoxy) -2-methylpropiophenone (photoinitiator)
in 1 ml of DI water and 100 mg of lyophilized pre-GeIMA
was submitted to UV light (wavelength in the range 360-
480 nm, 6.9 mW / cm?) for 10 minutes for light curing.
The same amount of pre-GeIMA was used for the different
levels of methacrylation to prepare GeIMA LL and GeIMA
HL (low levels (LL) and high level (HL)).

2.4 Preparation GelMA NCC and GeMA rGO

The cellulose nanocrystals (NCC) were extracted from
the bleached eucalyptus pulp, donated by the company
Suzano Papel e Celulose. For CNC extraction, 30 mL of
sulfuric acid (H,SO,, 65% by weight) was used for each
1 g of pulp. Acid hydrolysis was carried out at 40°C for
10 minutes under mechanical stirring at 300 rpm. The obtained
suspension was diluted in water and ice cubes to stop the
reaction, filtered, centrifuged at 4000 rpm for 20 minutes
and transferred to cellulose membranes. Dialysis was
performed in distilled water until it reached neutral pH.

To prepare GelMA NCC, 10 mg of the photoinitiator
and 100 mg of lyophilized pre-GeIMA were added in a
1 ml of DI water. Then, 5 or 10 wt. % of NCC in relation to
pre-GelMA were incorporated into the solutions to produce
GeIMALL 5% NCC, GeIMA LL 10% NCC, GeIMA HL 5%
NCC and GeIMA HL 10% NCC. Similarly, 20 wt. % of rtGO
was dispersed in the pre-GelMA solution to yield GeIMA
LL rGO, and GeIMA HL rGO after photopolymerization.

After polymerization, hydrogels were washed with DI
water and were freeze-dried for the characterization procedures.

2.5 Characterization and measurements of properties

2.5.1 Fourier transform Infrared spectroscopy (FTIR)

FTIR spectra were collected using the ATR Multi-Bounce
apparatus in a Nicolet 6700 spectrophotometer. Spectra
were collected after 64 scans with a resolution of 4 cm.
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2.5.2 Dynamic mechanical behavior

Dynamic mechanical analysis (DMA) was performed
using a DMS 6100 SII Exstar equipment in compression.
The hydrogels were cut into discs with 6.5 mm in height
and 8 mm in diameter and were swollen in DI water prior to
the test. The tests were performed with samples submerged
in DI water at 37°C and frequencies ranging from 0.05Hz
to 200Hz.

2.5.3 Cell culture

RKO AS45-1 tumor cell lines (Human Colon Carcinoma)
acquired from the American Type Culture Collection (ATCC
# CRL-2579) were cultured in DMEM High Glucose medium
in 10% Bovine Fetal Serum (SFB) and in 1% streptomycin
penicillin (PEN STREP). Cell lines were incubated in
humidified enriched atmosphere containing 5% CO, at37°C.

2.6 RKO encapsulation in hydrogels

To encapsulate cells in GeIMA hydrogels, three solutions
were prepared:

1- Solution FI: 1 ml of sterile Mili-Q water was heated in a
2 mL Eppendorfat 60°C with 10 mg of the photoinitiator;

2- Pre-GeIMA stock solution: 1 mL of DMEM High
Glucose, 10 wt. % BFS and 1 wt. % PENSTREP were
heated in a 2 ml Eppendorf at 60°C and 100 mg of
lyophilized pre-GeIMA was added. The solution was
mixed in Vortex and kept at 37°C;

3- Cell suspension: cells were counted in a Neubauer chamber
and a cell suspension of 6.5 10° cells/mL was prepared.

The solutions were then combined for polymerization and
cell encapsulation as described below:

500 pl of the pre-GeIMA stock solution, 50 pl of the FI
solution and 450 ul of the cell suspension were combined
to produce 1 mL of the cell dispersion in pre-GeIMA
aqueous solution. 450u1 of this resulting solution was then
used in each well of a 12-well plate, with a concentration
of 3 10° cells/ml.

The plate was exposed to the incidence of ultraviolet
light consisting of three YW UVC lamps for 8 minutes and
left in an oven at 37°C for 24 hours.

RKO cells were encapsulated in each type of hydrogels
and the resulting hydrogels with cells were named as GeIMA
LL RKO, GeIMA LL 5% NCC_RKO, GeIMA LL 10%
NCC _RKO, GeIMA LLrGO_RKO, GeIMA HL RKO,
GeIMA HL 5% NCC_RKO, GeIMA HL 10% NCC_RKO
and GeIMA HL rGO_RKO.

All the labware used for the polymerization of the
hydrogels was exposed to UV light from the flow hood for
20 minutes for sterilization purposes.

2.7 Cytotoxicity assays

2.7.1 Analysis of cell viability by MTT

To evaluate the cytotoxicity of the hydrogels, the MTT
colorimetric assay was used.
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Hydrogels without encapsulated cells were cut to
approximately 4x4mm, sterilized for 1 hour in 70% alcohol,
and after that time, they were washed 3x in MILI-Q water.
For each wash, the hydrogels were submerged for 20 minutes
in MILI-Q water.

The hydrogels were placed in direct contact with the
cell strain (RKO AS45-1) for 24 hours and 48 hours. As a
negative control (life control): cells were cultured in DMEM
High Glucose, 10 wt. % BFS and 1 wt %. PENSTREP; as a
positive control (death control): Hydrogen peroxide (H,0,)
was added to the cell culture. Biological and experimental
triplicates were performed. The reading was performed on
a SpectraMax MSE microplate reader (Molecular Devices)
at 550 nm.

2.7.2 Viability by LIVE/DEAD

For the live dead tests over 24 and 48 hours, hydrogels
with embedded RKO cells were polymerized in 12-well
plates, in triplicates. 300l of the live / dead solution (2.0 uM
EthD-1 (Ethidium Homodimer-1) and 1.0uM Calcein AM
diluted in PBS) was added and the plate was viewed under
an inverted fluorescence microscope (Calcein AM filter
09; EthD-1 filter 15).

The cell viability (%) was used to count cell viability:
viable cells / total cell (viable and non-viable cells) x100.

2.8 Characterization of cells

2.8.1 Scanning electron microscopy (SEM)

Hydrogels containing embedded RKO were fixed with
2.5% glutaraldehyde for 1 hour. Then, the samples were
washed twice with ice cold PBS (6 + 2) °C. Then, they were
dried by immersion in solutions of increasing concentration
of ethanol/water (20%, 50%, 90%, 100% v / v) and finally
vacuum dried in a desiccator for 24 hours. The samples
were covered with gold.

2.8.2 Histological section

After 24 hours and 48 hours in an oven at 37 °C, GeIMA
LL RKO and GeIMA HL RKO hydrogels were fixed with
4% formaldehyde and subsequently dehydrated, mounted,
submitted to microtomy, stained with hematoxylin-eosin
and assembled on glass slides.

3. Results and Discussion

3.1 Fourier-Transform Infrared Spectroscopy (FTIR)

In FTIR spectra of Figure 1A, the presence of gelatin in
the hydrogels was verified by the existence of the absorption
bands at 3316 cm™ and 3079 cm'! related to the NH group®.
It is also possible to observe, at 1631 cm!, typical band of
the C = O bond, characteristic of amide I, and absorbance
bands at 1542 cm™! and 1237 cm! related to amides II and
111, respectively. The band related to the CH group was also
observed at 1447 cm™.

Absorption bands associated with methacrylic anhydride
can be seen in the spectra of hydrogels (Figure 1A) at
1034 cm! due to C-O bonds!'?!. The methacrylic anhydride
reacts with the primary amine groups in gelatin to lead
to the addition of methacryloyl groups in the gelatin
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macromers!'). GeIMA crosslinking occurs when GeIMA,
in the presence of a photoinitiator, is exposed to UV light
radiation. The absorption of UV light leads to the production
of free radicals, and GeIMA is then polymerized through
C=C chain polymerization'?.

Absorption bands around 1100 cm™ associated with C-O
bonds in NCC can be observed in the spectra of LL 5% NCC,
LL 10%NCC, HL 5% NCC and HL10% NCC in Figure 1B!3!4
and can be used to prove the presence of this nanocomponent
in the hydrogels. In relation to the reduced graphene oxide
presence in hydrogels, it is possible to note in the spectrum
of the LL rGO sample an intense and wide band that goes
from approximately 3700 to 2290 cm™! referring to the OH
axial deformation of carboxylic acids. An absorption band
at 1700 cm™ due to -C=0, commonly found in carboxylic
acids, can also be associated with ketone carbonyl and
aldehydes!™. Absorption bands at 1228 cm, attributed to
C-OH stretch and at 1058 cm! referring to epoxides (-C-OC-)
can also be identified in the spectrum of the hydrogel with
rGOUS!. These absorption bands indicate that the produced
rGO has several oxygen-containing groups such as epoxides,
hydroxyls, carbonyls and carboxyls, related to the reaction
with hydrazine hydrate!*®!,

3.2 Mechanical properties

Since tissues and organs in the body are most of the
time subjected to dynamic mechanical loadings in a wet
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Figure 1. FTIR spectra of GeIMA LL, GeIMA HL, gelatin and
methacrylic Anidride (A), and FTIR spectra of GeIMA LL and
GeIMA HL containing cellulose nanocrystals and rGO (B).
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environment (such as from the circulation of body fluids,
shear forces between moving parts of the body, etc.), it
is relevant to study the behavior of biomaterials in these
conditions. Moreover, it also known that dynamic loads have
a great impact on the performance of tissues and organs,
by promoting cell migration, differentiation, growth and
biomolecule expression’”'¥]. In some applications involving
organoids, the ability to tune the stiffness of the hydrogels to
better match the properties of the pursued tissue (to reach,
for example, high values of modulus, such as 30 kPa) is
desirable!. Elastic modulus of normal soft tissues was
shown to range between 0.5 kPa (brain), 10 kPa (dermis)
and 12 kPa (muscle), while the modulus of diseased fibrotic
tissues is higher (15-100 kPa)®"\. For example, normal breast
tissue shows moduli between 6-10 kPa. This same tissue
with intermediate grade of mammary tumor has an elastic
modulus in the 15-20 kPa range, while an advanced grade
of tumor can reach 40 kPal?.

Several approaches have been proposed and tested to
improve the mechanical properties of hydrogels, such as the
preparation of hybrid hydrogels and hydrogels with double
networks!"”. However, most of the mechanical properties
reported for the prepared hydrogels were measured in static
conditions, such as by using conventional stress-strain tests.

Thus, GelMA hydrogels were tested in a dynamic
mechanical (DMA) environment (Figure 2A), in which
mechanical loads were applied in frequencies ranging from
0.05 to 200 Hz while immersed in water at 37 °C.

In Figure 2B, only dynamic mechanical data regarding
GeIMA LL hydrogels are revealed to check the effect of
the incorporation of nanocomponents (either NCC or rGO)
on the dynamic mechanical behavior of the hydrogels.
Results show that the presence of NCC in the hydrogels
led to higher values of elastic storage modulus (E") when
compared to pure GeIMA LL hydrogels, demonstrating
the powerful capacity of NCC to increase the stiffness of
GelMA hydrogels. Moreover, a traditional behavior of E” for
viscoelastic materials was observed in frequencies ranging
from 0.05 to 20Hz for all the tested hydrogels: a gradual
increase of the storage modulus with frequency, meaning

that shorter times of load application can favor less ability
of the polymer chains to respond to the mechanical stimulus.
For higher frequencies (> 100 Hz), both GeIMA LL hydrogels
and GelMA LL rGO seemed to collapse with an abrupt decay
in the E” measurements. Otherwise, GeIMA LL hydrogels
with 10% NCC were able to withstand higher frequencies,
demonstrating the ability of NCC to mechanically reinforce
and stabilize the hydrogels. Results in Figure 2B also show
that it is possible to tune the stiffness of the GeIMA LL
hydrogels from kPa to MPa by the incorporation of NCC.

Lower values of E” of GeIMA rGO in respect to pure
GelMA were noted in Figure 2B. This is due to the fact
that hydrogels with rGO were observed to have a lower
degree of crosslinking than other GeIMA hydrogels due to
the reduced penetration of UV light during polymerization
in the samples with rGO. The low degrees of crosslink for
the GeIMA LL rGO could also be detected by measuring
the swelling degree (SD) of the hydrogel after 24 hours in

M —M,
DI water. SD(%) = % x100, where M, and M, are the

0
weight of the sample after and before swelling, respectively.

The value of SD was approximately 500% for GeIMA LL
and 1600% for the GeIMA LL rGO. Therefore, the swelling
capacity of the hydrogels with rGO was more than three
times the swelling ability of pure hydrogels (with no rGO),
indicating again a lower degree of crosslink. The fact that
GelMA LL rGO has a lower degree of crosslinking (due
to low levels of photopolymerization conversion) is the
reason why this hydrogel displayed low values of elastic
modulus (even lower than GeIMA LL) and low stability at
higher frequencies.

3.3 Cell viability

The results of cell viability by MTT are presented in
Figure 3. These MTT tests were performed in hydrogels with
no encapsulated cell to study the eventual toxicity of GelMA
hydrogels and hydrogels containing nanocomponents. Thus,
hydrogels were put in contact with RKO cell for 24 and
48 hours to check cell viability by the MTT protocol. Results
in Figure 3 reveal that there was no statistical difference in
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Figure 2. (A) Photo of a swollen hydrogel between compression plates just prior of being dipped in DI water bath to be tested under
dynamic mechanical conditions (DMA); (B) Storage elastic modulus as a function of frequency for GeIMA LL hydrogels with NCC or rGO.
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Figure 3. Cell viability results of RKO cells in contact with
hydrogels with no encapsulated cells by MTT. Cell viability
after (A) 24 hours and (B) after 48 hours. NC = negative control
(life control); PC = positive control (death control). *indicates
significant difference.

the viability of RKO cells, when this behavior is compared
between 24 and 48 hours for each type of sample.

Viability values remained above 85%, for GeIMA LL
and GeIMA HL, and in their derivatives containing 5% and
10% NCC (values above which the materials are considered
non-cytotoxic). There was no significant difference in cell
viability when compared to the negative control group (CV)
of the MTT assay.

However, GeIMA LL rGO and HL rGO hydrogels
(i.e. hydrogels with rGO) showed lower viability values
(approximately 70%) that were significantly different from
the negative control. These lower values of cell viability
may be associated with the lower levels of stability of these
hydrogels due to their lower degrees of crosslink. It was
observed that the photopolymerization of pre-GelMA with
rGO was less effective, leading to hydrogels with lower
levels of crosslink and higher abilities to swell in water.
Thus, it can be proposed that eventual unreacted specie can
leach out of the Gel rGO hydrogels during the in vitro tests
to lead to higher levels of cell toxicity.

Cell viability measured by LIVE DEAD assays is presented
in Figure 4. In this case, GeIMA hydrogels with encapsulated
RKO cells were tested to check the possibility of keeping
cells alive while encapsulated within the hydrogels. Figure 4A
shows the number of cells found in all hydrogels and in the
RKO control group measured by Image J from the images
recorded by the fluorescence microscope. The number of
cells counted in hydrogels at 48 hours in an oven at 37 °C
was significantly greater than the hydrogels at 24 hours.
An increase in cell density after 48 hours of culturing, when
compared to 24 hours of culturing, indicates that embedded
cells were able to proliferate within the hydrogels due to a
highly porous and chemically adequate environment that
resembles the extracellular matrix provided by GeIMAU'¢),

The number of cells in the control group (RKO) was
much higher than the cells counted in the hydrogels, but it
is worth mentioning that the RKO cells were cultured in
2D culture, with the reading being linear, while the cells
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Figure 4. (A) Number of RKO cells encapsulated in the hydrogels
after 24 and 48 hours of culture; (B) cell viability results by LIVE
DEAD of hydrogels containing RKO in the period of 24 hours and
48 hours. *indicates significant difference.

were counted in the hydrogels in only one plane of their
three-dimensional structure. For hydrogels with higher
levels of methacryloyl substitution (GelMA HL), results in
Figure 4A showed that the incorporation of NCC tended to
lead to higher number of cell per area after 48 hours when
compared to pure GelMA HL hydrogels. This result may
be related to a more favorable ambient for cell growth,
as possibly due to a higher network stability (Figure 2B)
combined with higher values of stiffness (Figure 2B) for
hydrogels with NCC, since tumor cells seem to be more well
accommodate in stiffer extracellular matrices®".

LIVE DEAD cell viability results (Figure 4B) agree with
cell viability results reported by MTT assays (Figure 3), by
showing that cell viability values above 85% were observed for
all hydrogels with encapsulated RKO cells (with no statistical
difference regarding the RKO control), except for hydrogels
with rGO that had lower viability values (around 70%). This
result also proves that the polymerization procedure did not
affect the viability of the encapsulated cells.

Figures 5 and 6 show optical microscopy (OM) and
electron microscopy (SEM) images from LIVE DEAD tests.
The reported images indicated the presence of viable cells in
GelMA hydrogels. It was possible to observe an increase in cell
density after 48 hours of culturing, when compared to 24 hours.

The images in Figure 5 of the histological section
(HE) of the GeIMA LL RKO and HL RKO hydrogels also
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Figure 5. Images of the encapsulated RKO cell in the GeIMA LL and GeIMA HL RKO hydrogels at 24 and 48 hours, obtained by optical

microscopy (OM), stained by the LIVE DEAD assay and by hematoxylin eosin (HE) staining.

Figure 6. SEM images (2000X) of embedded RKO cells in the cross sections of the hydrogels.

6/8

GelMA

24Hrs

LL

LL 10%NCC

HL 10% NCC

]‘;’4.

N

Polimeros, 33(2), €20230014, 2023



Tuning the structure and properties of cell-embedded gelatin hydrogels for tumor organoids

demonstrate that the embedded cells with elliptical and
central nuclei were able to proliferate. Elongated cells can
also be seen in images of Figure 5.

SEM images of the cross-section of hydrogels (Figure 6)
also reveal the ability of the embedded cells to proliferate.
Moreover, cells were also able to start to form organized
larger groups after 48h that can yield full integrated tumor
tissues as the main idea of manufacturing tumor organoids.

4. Conclusion

Tumor organoids can provide tools for studying the
proliferation of cancer cells as well as the efficacy of
different anti-cancer treatments. Hydrogels emerge as a
potential host for cancer cells to form tumor organoids since
they have high porosity and high levels of hydration that
can be tuned to yield similarities to natural extracellular
matrices. Gelatin-based photopolymerizable hydrogels
(GelMA) can be considered a promising hydrogel for this
type of application, since they possess bioactive sequences
of amino acids as well as high processability and capacity
for encapsulating cells. In this work, we have explored to
possibility of modifying the structure of GelMA to verify
its effect on properties and cancer cell encapsulation and
proliferation. To this end, the degree of methacryloyl
substitution in gelatin (closely related to the crosslink
density) and the incorporation of nanocomponents in the
hydrogels, such as cellulose nanocrystals (NCC) and reduced
graphene oxide (rGO) were tested. Since natural tissues
are submitted to dynamic forces during their lifetimes,
hydrogels were submitted experimentally to similar
conditions, in which they were submerged in water at
37°C and subjected to cyclic compression loads that varied
from 0.05 to 200 Hz. Results demonstrated that hydrogels
with NCC were able to withstand high frequencies (up to
200 Hz), while hydrogels with no NCC mechanically failed
at lower frequencies. Moreover, GelMA with rGO were not
fully crosslinked due to restriction of photopolymerization
conversion. This fact led to hydrogels with lower storage
modulus and lower levels of mechanically stability.
Viability tests demonstrated that RKO cells were able to
be encapsulated within hydrogels. These cells were also
able to proliferate within the hydrogel. Hydrogels with high
levels of methacryloyl substitution and containing NCC
show higher proliferation rates as a possible consequence
of higher levels of network stability and stiffness that may
reflect more common tumor environment. SEM images
of the cross-section of the hydrogels showed that RKO
embedded cells can form large colonies of cells in 48 hours
of culturing that indicated the possibility of using gelatin
derived hydrogels as a matrix to support the proliferation
of cancer cells and formation of tumor organoids.
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