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Advancements in Cancer Research: 3D Models, Single-Cell,
and Live-Cell Techniques for Better Insights
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The present review provides a comprehensive overview of the current state of
in vitro cancer studies, focusing on recent advancements and ongoing in cell
culture models and analyses techniques. Cancer cells grow in a complex and
dynamic environment, interacting with various cellular components, such as
stromal cells, cancer-associated fibroblasts, immune cells, and the
extracellular matrix (ECM). The ECM provides structural support and unique
characteristics essential for tumorigenesis. Accurately modeling this intricate
tumor microenvironment and precisely analyzing cell-cell and cell-ECM
interactions are crucial for understanding cancer progression and therapeutic
responses. Consequently, oncology research is advancing toward a)
three-dimensional tumor models, b) single-cell level analyses, and c) live-cell
analyses. This review aims to elucidate current knowledge in this field,
emphasizing the benefits these innovative approaches offer over traditional
two-dimensional models, bulk analyses, and endpoint measurements.

1. Introduction

Cancer remains a significant global health threat. According to
the International Agency for Research on Cancer (IARC), over
20 million new cancer cases are reported annually, with 9.7
million deaths in 2022. Projections suggest a 77% increase in

cancer occurrences by 2050, amounting to
over 35 million new cases worldwide.[!l De-
spite remarkable progress in understanding
tumor complexity over the past 60 years,
further research is needed to delve into
the cellular and molecular determinants of
cancer development, the mechanisms of
cellular adaptation during tumor progres-
sion, and the quest for improved treatment
options.?# A critical obstacle in develop-
ing new anticancer drugs is the lack of valid
and predictive in vitro cancer models. Few
preclinical models effectively mimic the in-
trinsic complexity, heterogeneity, and spa-
tiotemporal evolution of tumors.[>¢]

The tumor microenvironment (TME) is
a continuously evolving system compris-
ing a heterogeneous tumor cell popula-
tion and other cellular components, such
as endothelial cells, cancer associated fibroblasts (CAFs), mes-
enchymal stem cells, and immune cells.’] These components
are embedded in the extracellular matrix (ECM), a dense network
of polysaccharides and proteins (e.g., collagen type I, fibronectin,
and hyaluronic acid), providing structural support!1®12] and pro-
moting cellular crosstalk through soluble factors such as cy-
tokines, growth factors, and metalloproteases) [9,13]. The ECM
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IN VITRO MODELS: 2D vs. 3D

. V. )

Bi-dimensional cell culture

Limitations:
+ Lack of physiologic cell-cell interactions
» Lack of physiologic cell-matrix interactions

Scaffold

!

Three-dimensional cell culture

Advantages:
» Recreate the geometrical complexity of the
environment
+ Cell morphology more similar to the native one
* More realistic platform for drug screening

Figure 1. Schematic representation of the main differences between 2D (left) and 3D (right) in vitro cell cultures.

regulates cell-matrix interactions in a dynamic way, remodeling
itself to support tumorigenesis,!'*1°] disease progression,[71316]
metastasis,['18 and chemoresistance.[1%2"]

Key hallmarks of the TME include hypoxia and acidification.
Rapid tumor growth and poor vasculature create a hypoxic core,
resulting in a metabolic switch known as the Warburg effect,
where cancer cells rely on anaerobic glycolysis for energy pro-
duction, leading to decreased microenvironment pH.!”"21-231 This
metabolic shift influences the hypoxia inducible factor (HIF)-1a-
signaling pathway, promoting angiogenesis to restore oxygen and
nutrient supply and remove acidic metabolic waste.[2%7]

Precisely recreating this intricate and dynamic system, where
various cell populations interact with each other and the environ-
ment, is crucial for advancing cancer research, particularly in the
early stages of developing new therapies.

This review discusses the use of relevant in vitro tumor mod-
els to recapitulate the TME and highlights advanced technique
for spatiotemporal analysis, crucial for understanding dynamic
cell-cell and cell-matrix interactions and selecting effective treat-
ments in preclinical drug development.

2. Comparative Analysis of 2D and 3D Models in
Cell Cultures

2.1. Limitations of 2D Models

Since 1900s, two-dimensional (2D) cell cultures have represented
the standard for studying cellular behavior and interactions.[?*]
These models are widely used to test drug efficacy and toxicity,
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develop vaccines, and understand human diseases, reducing the
reliance on animal models.!?-3% However, 2D cultures have sig-
nificant limitations as they fail to replicate the complex physio-
logical and pathological conditions found in vivo.

2D cultures are cost-effective and easy-to-use, but they lack
the ability to mimic the natural cellular microenvironment. Cells
grow in a monolayer on a static, often rigid substrate, pre-
venting them from adopting their natural morphology or form-
ing complex cellular architectures. This limitation hampers cell
growth due to enhanced contact inhibition and leads to epige-
netic modification, 282931321 making these models less reliable
for studying complex processes such as tumor invasion and
metastasis.[?#3] Consequently, the pharmacological effects and
transcriptome profiles observed in 2D cultures often do not cor-
relate with clinical outcomes.3*3%]

In 2003, Alison Abbott’s article “Goodbye, flat biology?” an-
nounced a new era in which three-dimensional (3D) cell systems
emerged as a solution to these limitations.[*) Figure 1 illustrates
differences between these two approaches.

2.2. Importance of 3D Models

3D cell culture systems aim to closely mimic in vivo conditions,
allowing for more cell-cell and cell-ECM interactions. These
interactions are essential for replicating the complex commu-
nication networks that control cell morphology and functions,
leading to more accurate disease modeling and preclinical drug
screening.[2837]
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By better replicating geometric complexity of the microenvi-
ronment, 3D models enable scientists to study cell behavior un-
der more natural conditions.*®! For cancer cells in 3D cultures
can spontaneously arrange and grow into aggregates composed
by multiple layers, creating oxygen and nutrients gradients simi-
lar to those in TME.[*] This structure also provides more accurate
drug responses, as chemotherapeutic agents may diffuse differ-
ently within the 3D context compared to 2D models.[2%3435]

3D cell cultures can be obtained using various methods,
either with or without support systems, depending on the
application.[83040] The following sections summarize promi-
nent techniques for generating 3D cancer models, classified into
scaffold-free and scaffold-based constructs.

2.2.1. Scaffold-Free Constructs

Scaffold-free methods induce the self-assembly of multicellular
clusters or spheroids without a supporting scaffold. Spheroids,
which can range from 50 to 500 um in size, can be composed
of a single cell type or multiple cocultured cell types.[*”*8] These
spheroids replicate important features of solid tumor physiology,
such as oxygen and nutrient gradients, and can form apoptotic—
necrotic cores due to restricted nutrient diffusion.[®3739 This
structure allows for the study of cellular interactions, prolif-
eration, matrix production, and drug response within a 3D
environment.?841]

Conventional scaffold-free approaches for spheroids gen-
eration include hanging drop, magnetic levitation, ultralow
attachment plate, liquid overlay and liquid marbles (Figure
2A).128374243] Fach method has its own advantages and limita-
tions in terms of spheroid formation efficiency and structural
consistency.

The hanging drop technique uses surface tension and grav-
ity to form size-controlled spheroids. The method consists in the
production of small drops of cells/culture medium suspension
on the lid of a Petri dish using a micropipette. The lid is then
closed on the Petri dish containing water to prevent drying of the
drops.*”] Due to the small working volume (22040 uL), one crit-
ical limitation is the long-term maintenance of the spheroids in
culture. To overcome this problem, in 2022, Jeong et al. proposed
the use of a flipped deep-well plate to provide a higher work-
ing volume (over 1 mL per well).[*}! Utilizing an overfilled 96-
well plate, the authors succeeded in obtaining large human col-
orectal carcinoma cells (HCT116) self-assembled spheroids (over
1.5 mm in diameter), stable for over a month in culture, with
high homogeneous morphology and sphericity. The as-obtained
spheroids presented a necrotic core, different quiescent layers,
and a highly proliferating periphery, mimicking in vivo solid tu-
mor behavior (Figure 2B).

Magnetic levitation is reported as a rapid methodology to de-
velop heterotypic spheroids uniform in size and shape. This tech-
nique uses magnetic nanoparticles and an external magnetic
field to induce spheroid formation.[?®! Onbas et al. developed
a new setup to fabricate 3D cellular structures through mag-
netic levitation: the MagLev.*?! Cells suspended in high volumes
(up to 800 pL), in presence of a nontoxic paramagnetic agent
(Gadobutrol), assemble into spheroids in 24 h when a low ex-
ternal magnetic field is applied. Despite being an easy and rapid

Adv. Therap. 2024, 2400351 2400351 (3 of 22)

www.advtherap.com

methodology, spheroid sphericity can be sensitive to cell type and
concentration.

Other strategies for obtaining spheroids exploit the hydropho-
bicity of cell culture vessels. Ultralow attachment (ULA) plates,
which are commercially available, feature a specific hydropho-
bic coating that reduces cell adherence and promotes self-
aggregation. Similarly, low attachment plates can be customized
using the liquid overlay technique (LOT). This method fosters
spontaneous and rapid cells aggregation into spheroids by em-
ploying gels that has nonadherent properties, which prevent cell
adhesion to the support. Comparing to ULA plates, the LOT
technique does not require specialized equipment and is less
expensive.[*] However, successful spheroid formation strongly
depends on the cell’s intrinsic ability to aggregate. Jubelin and
colleagues demonstrated highly reproducible spheroid forma-
tion using the LOT method with various cancer cells lines,
including lung adenocarcinoma (A549), prostatic adenocarci-
noma (LnCaP), osteosarcoma (MNNG/ HOS), and glioblastoma
(U251). In contrast, prostate adenocarcinoma (DU145, PC3) and
colorectal adenocarcinoma (Caco-2, HT29) cell lines did not
form spheroids after 10 days of culture.[?’! Other studies have
addressed this limitation by modifying the culture media or
adding different exogenous ECMextracellular compound to im-
prove aggregation. For instance, round prostatic adenocarcinoma
(PC3) spheroids were obtained by growing cells with Matrigel,[**]
while pancreatic (MiaPaCa-2) spheroids obtained with the addi-
tion of methylcellulose showed improved shape and long-term
stability.”] Another spheroid production method based on hy-
drophobic coating principle is the Liquid Marble (LM) tech-
nique, which uses hydrophobic powders to create microbiore-
actors for cell cultures. The cell suspension is dispensed onto
a super-hydrophobic silica powder layer to form a droplet. By
gently rolling the droplet, an even coating is formed, which im-
pairs adhesion and allows cells to interact and self-assemble into
spheroids in a short timeframe.[**#”] In a study by Langella et al.,
spheroids of C6 rat glioma cells (RGCs) obtained using hang-
ing drops and the LM technique were compared.[*®! While both
methods replicated in vivo morphology and microtubular archi-
tecture, LM spheroids formed more rapidly. Additionally, mark-
ers of tumor plasticity, such as tyrosinated a-tubulin and acety-
lated a-tubulin, were enhanced in LM spheroids, indicating a
higher maintenance of plasticity in glioma cells. To improve han-
dling and avoid the use of powder coating directly on droplets, an
advanced technique applies the hydrophobic coating directly to
standard cell culture microplates, creating a Naked Liquid Mar-
ble (NLM) system for drug screening.[*! Super-hydrophobic sur-
faces were fabricated using the NeverWet Multi-Purpose Spray
Kit (Rust Oleum) on commercially available 96-well microplates.
In this platform, pancreatic adenocarcinoma cells (BxPC-3) suc-
cessfully formed structures with high sphericity in less than 24 h.
Treatment with nocodazole, an antineoplastic drug that inhibits
microtubule polymerization, altered spheroid morphology and
induced collapsing after 5 days (Figure 2C).

Overall, scaffold-free methodologies for generating tumor
spheroids can replicate in vivo cell-cell interactions and de
novo ECM deposition found in human solid tumors. These ap-
proaches have been particularly successful in creating 3D tu-
mor models for various epithelial tissues, including lung, breast,
prostate, and colorectal cancers. However, modeling nonepithe-
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Figure 2. Examples of techniques to obtain 3D scaffold-free constructs. A) Schematic illustration of most used techniques for productions of cell
spheroids: hanging drop (left), magnetic levitation (central), and liquid overlay (right). Adapted under terms of the CC-BY license.3”] B) —i) Schematic
workflow of tumor spheroid generation by flipped deep-plate technique. ii) Images of 3D HCT116 spheroids long-term culture for 5, 15, and 30 days.
iii) Microscope images of the spheroids at day 3 and 30. iv) Size measurement of HCT116 spheroid over 35 days. Spheroids obtained by traditional
hanging drop technique (blue line) were compared to ones obtained by flipped deep-plate technique (black line: medium changed every 2 days, red
line: medium changed every 7 days). Adapted under terms of the CC-BY license.[*3] C) —i) Schematic workflow of spheroids formation and drug testing
by NLM technique. ii) Image of NLMs on a superhydrophobic-coated surface. iii) Microscope images of BxPC-3 cell spheroids treated for 5 days with
2.5 and 50 uM nocodazole and without treatment (control). Scale bar: 100 um. iv) Analysis of BxPC-3 spheroids sphericity after 5 days treatment with
2.5 and 50 uM nocodazole (Noc). v) Dose-response curve of BxPC-3 spheroids when treated with nocodazole. Adapted with permission.[4?] Copyright
2019, American Chemical Society.
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lial tumors, such as sarcomas, has proven more challenging
due to the extreme heterogeneity of the TME in these cancers.
This complexity makes it difficult to accurately replicate the di-
verse cellular and ECM components in scaffold-free spheroid
models.[*5%51 Since dense ECM deposition plays a crucial role in
chemoresistance, these methods could serve as effective prelim-
inary models for drug screening. However, emerging evidence
suggests that cell-matrix interactions are critical during tumori-
genesis and cancer progression. Thus, the absence of surround-
ing pre-existing ECM in spheroid assembly may fail to fully repli-
cate TME.[652]

2.2.2. Scaffold-Based Approaches

Scaffold-based methods use biocompatible 3D structures to
mimic ECM properties and support cell adhesion, prolifera-
tion, and migration.?%40>3] These scaffolds can be made from
naturally-derived or synthetic materials, and common forms
include electrospun matrices, hydrogels, and 3D printed con-
structs.

Compared to scaffold-free approaches, scaffold-based meth-
ods offer significant in mimicking the interactions between cells
and the ECM. These scaffolds not only provide structural sup-
port for 3D cultures, but also have the biophysical and biochem-
ical properties that can strongly influence cellular behavior.?%>*)
Additionally, scaffold-based systems can allow growth of a wider
range of cancer cell lines, especially those that are unable to self-
aggregate into stable 3D structures like spheroids or organoids.
Furthermore, scaffold-based techniques are particularly suited
for modeling malignancies in tissues with specific architectures
or stiffness, such as bone, brain, bone marrow, and soft tissue
sarcomas.l>155>

Electrospun Matrices: Electrospinning (ES) is a cost-effective
technique largely employed in tissue engineering to produce
porous fibrous scaffolds that mimic the ECM. A charged poly-
meric solution is exposed to an electric field between a metal
needle and a collector, kept at an optimized distance. When the
applied electrostatic force overcomes fluid surface tension, a sta-
ble jet forms, and the fiber formation process begins.!*"! Electro-
spun nanofibers can be obtained with diameters ranging from
nanometers to sub-micrometers and are particularly suitable for
cells requiring an aligned microenvironment, such as endothelial
cells, osteocytes, myocytes, and neural cells.[61:62]

Electrospun scaffolds have been used to recapitulate the patho-
logical ECM in cancer and investigate cell-ECM interactions. In
particular, due to the versatility of this technique, researchers fo-
cused on cancers in which TME variations highly affect their de-
velopment, migration, and chemoresistance.!%3¢4]

A study on triple-negative breast cancer (INBC) used elec-
trospun polylactic acid (PLA) scaffolds to assess a 3D model of
the TME compared to traditional 2D cultures.) A 15% (w/v)
PLA/chloroform solution was electrospun through a 24G nee-
dle to produce randomly oriented porous fibers with a diame-
ter of 7 um and a total thickness of ~70 pm. Initially, MDA-MB-
231 cells exhibited a lower proliferation rate in the electrospun
scaffolds compared to monolayer cultures, which is typical in 3D
environments. However, after 6 days, cell growth stabilized. The
study found no differences in STAT3 gene activation, a marker
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related to self-renewal of breast cancer stem cells (BCSCs), but
observed increased phosphorylation levels of the corresponding
protein in the 3D culture condition. Through mammosphere-
forming assay and RNA expression evaluation of epithelial-to-
mesenchymal transition (EMT) markers, ES-PLA scaffolds were
shown to enrich the BCSC population. The 3D model was val-
idated for short-term breast cancer culture without significant
BCSC-enrichment, indicating that few MDA-MB-231 cells un-
dergo EMT in this environment.

The same polymer was used to create 3D models of colorectal
adenocarcinoma in a comparative study with poly-e-caprolactone
(PCL), evaluating their mechanical properties in mimicking tu-
mor tissue.[®] Electrospun fibers of both materials were pro-
duced with different collector configurations to adjust their size,
alignment, porosity, wettability, and tensile mechanical proper-
ties. Caco-2 cells cultured on both scaffolds for 7 days demon-
strated good viability. Metabolic activity in PLA scaffolds an
increasing trend regardless of fiber alignment, whereas it de-
creased in PCL fibers and randomly oriented PCL fibers, as both
scaffolds exhibited a Young’s modulus in the range of 8-22 MPa
and a strain at break of ~70%, values close to the mechanical
characteristics of large intestine.

Another application of this technique in cancer research
focused on the morphological adaptation of human lung
epithelial cell line A549 on electrospun polyvinyl alcohol
(PVA)/Collagen nanofibers with tunable diameters and their con-
sequent EMT-related gene activation (N-cadherin, vimentin, and
fibronectin).?* A549 cells grown on fibers with diameters of 170
nm showed up to fivefold upregulation in these genes compared
to cells cultured on thinner (90 nm) and thicker (240 nm) fi-
brous mats (Figure 3A). The authors speculated that the scaffold’s
topological cues enhanced the EMT process in lung cancer cells,
resulting in increased metastatic potential, and that this behav-
ior was regulated by a specific range of fiber diameters. Conse-
quently, fine-tuning the characteristics of electrospun fibers is
necessary to produce robust in vitro cancer models that accurately
represent both cell morphology and behavior.

In addition to the focus of this review, it is worth mentioning
that ES plays an important role in cancer research as fabrication
technique for drug delivery platforms. Indeed, the unique confor-
mation of these scaffolds provides a high surface area-to-volume
ratio, which favors the controlled release of antibiotics, anticancer
agents, proteins, as well as nucleic acids.!®~70]

Hydrogels Scaffolds: Hydrogel scaffolds represent ideal plat-
forms for 3D cell cultures due to their highly tunable biologi-
cal, chemical, and mechanical properties which allow to recapit-
ulate in vitro the TME hallmarks, particularly mimicking the na-
tive ECM.3133] Hydrogels are hydrophilic polymers that can be
chemically or physically cross-linked and have the ability to re-
tain a significant amount of water. During the cross-linking, the
polymer undergoes a multidimensional extension of its chain,
resulting in a 3D water-insoluble network structure.l’72] These
constructs can origin from natural or synthetic polymers. Natu-
rally derived hydrogels represent the best option in terms of bio-
compatibility, maintaining cell viability and improving specific
cellular functions.l”t73741 However, batch-to-batch variations and
uncontrolled biodegradation can lead to difficulties in controlling
the mechanical properties and low reproducibility of commer-
cially available hydrogel precursor, such as Matrigel.”>7%! In con-
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trast, synthetic hydrogels offer precise control over composition
and mechanical properties, enabling the development of more
reproducible 3D constructs with specific structures and physico-
chemical properties.**7”] A major drawback of synthetic hydro-
gels is that, unlike native ECM, they do not provide extracellu-
lar cues and cell-matrix interactions. This limitation can be par-
tially addressed chemically by introducing cell-binding and pro-
tease cleavage sites in the polymer.”*’8] Among the most com-
monly used hydrogels for 3D cancer model emerges alginate, a
polysaccharide derived from marine brown algae. Alginate has
numerous advantages, including a well-defined and xeno-free
composition, adaptability of biochemical and physical properties,
transparency for culture monitoring via optical microscopy, and
easy cell recovery through chelating agents. Its most outstand-
ing property is its ability to cross-link in the presence of divalent
cations, most often Ca?* ions”*#!l Bidarra et al. demonstrated
that bioengineered arginine-glycine-aspartate (RGD)-modified
alginate hydrogels can support epithelial cell morphogenesis
into acini-like structures that reproduce functional and histolog-
ical characteristics of native mammary tissue.®?] Using these
3D platforms, they were able to investigate EMT and its re-
version (Mesenchymal-to-Epithelial Transition, MET) in EpH4
cells, shedding light on a mechanism with significant relevance
to cancer progression and invasiveness. EMT-associated pheno-
typic alterations are highly correlated with cell-cell and cell-
microenvironment interactions, such as loss of cell-cell adhe-
sions, enhanced deposition of ECM proteins, and cytoskeleton
alterations, which can only be observed and investigated using
appropriate 3D models that mimic the TME. Another hallmark
that can only be recapitulated within 3D models is angiogene-
sis, a complex process involving the interplay of epithelial cells,
stromal cells (such as endothelial cells and fibroblasts), the ECM,
and secreted factors.3*## To mimic the cooperative activities
that these components in vitro, it is necessary to develop an engi-
neered angiogenesis-promoting microenvironment that include
an ECM-like 3D scaffold capable of supporting all these pro-
cesses.

To address this challenge, Teixeira et al. developed an alginate-
based heterotypic 3D breast model consisting of two compart-
ments: i) a vascularized stromal compartment, i.e., a porous
scaffold coseeded with fibroblast and endothelial cells, and ii) a
parenchymal compartment, formed by gel-embedded mammary
epithelial cells.I®] First, RGD-modified alginate porous scaffolds
were produced by combining freeze-drying and particle leaching
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techniques. Coseeding of human mammary fibroblasts (hMF)
and outgrowth endothelial cells (OEC) established the vascu-
lar compartment within one week. At this time point, the au-
thors observed OEC alignment, their organization in tubular-
like structures, and deposition of ECM proteins (collagen IV and
fibronectin) in the scaffolds. Subsequently, epithelial cells sus-
pended in a RGD-modified alginate gel-precursor solution were
dispended to the scaffold, forming a hydrogel in situ. After 7
days, epithelial spheroids were detected within the scaffold pores
(Figure 3B).

3D hydrogel models can also be employed to investigate the
unclear role of cell-matrix interactions in many tumors where
dynamic alterations in ECM components are observed. For ex-
ample, in malignant brain tumors, abnormally high levels of
hyaluronic acid (HA) and/or collagen, along with altered ex-
pression of many proteoglycans, are associated with disease’s
development and progression.®%”] To study these interactions,
Sood et al. developed tunable 3D bioengineered platforms by
combining microenvironmental cues from native brain-derived
ECMs with patient-derived cells from two different tumors: pe-
diatric ependymoma or adult glioblastoma (GBM).[%8] Cells dis-
sociated from the excised tumor were seeded in ring-shaped
porous silk 3D scaffolds. After one day of incubation, the con-
structs were infused with collagen type I (CGL1) or HA hydrogels
and supplemented with porcine brain-derived ECM. Depend-
ing on the infused hydrogel matrix, different cell migration and
spheroids formation patterns were observed. In particular, little
to no migration of GBM cells was observed within the central
window of CLG1-based constructs. In contrast, in HA-infused
scaffolds, GMB cells migrated rapidly at early time points and
aggregated into multiple spheroids that, within one month, mi-
grated outward from the outer rim of the scaffold. The presence
of HA, which is abnormally high in GBM glioblastoma, stimu-
lated patient-derived cells to mimic their in vivo behavior, which
could otherwise not be observable with traditional in vitro mod-
els.

2.2.2.1. Printed Scaffolds: 3D printing offers significant ad-
vantages over previous methodologies for developing in vitro tu-
mor models. It enables the fabrication of high-resolution, pre-
cise architectures that can mimic the complexity of the TME.[80]
This technique allows for the deposition of multiple biomateri-
als, cells, and biomolecules in a predetermined 3D geometry in
a precise and controlled way, through computer-aided designing
(CAD). Unlike cancer spheroids, which cannot be formed with

Figure 3. Examples of scaffold-based approaches to develop 3D in vitro cancer models. A) —i) Schematic workflow for the production of electrospun
nanofibrous PVA or PVA/Collagen scaffold and cell seeding method. ii) SEM images of A549 cancer cells on PVA/Collagen nanofibrous mat. Cells on the
scaffold spread their cytosol and filopodia along the direction of the nanofibers. Scale bars: 10 um (left and central) and 1 um (right). iii) RNA expression
levels of A549 cells cultured on nanofibrous scaffold with various diameters (90, 170, 220 nm) for 2 days. By qRT-PCR, three multiple markers for EMT
were investigated: N-cadherin (N-cad), vimentin (Vim), and fibronectin (Fib). Adapted with permission conveyed through Copyright Clearance Center,
Inc.[?4] B) —i) Schematic representation of the 3D alginate cancer model development, combining a vascularized stromal with a parenchymal epithelial
compartment. ii) CLSM imaging of monocultures of fibroblast and OEC cells after 14 days of culture in RGD-modified alginate porous scaffold, seeded
only on top (first two columns) or on both sides of the scaffold (last two columns). Fibroblasts were stained for F-actin (magenta) and fibronectin (FN,
cyan). Endothelial cells were stained for laminin (green) and CD31 (red). Scale bar = 200 um. iii) CLSM imaging after 1 week of tri-culture MCF10A,
MCF7, and MDA-MB-231 within the scaffold. Immunostaining for ECM proteins was performed: fibronectin (FN, cyan) and collagen IV (COL IV, yellow).
Cell organization is visualized through staining of nuclei (blue) and F-actin cytoskeleton (magenta). Scale bar: 100 um. Adapted under terms of the
CC-BY license.[331 C) — i) Illustration of the printing process to obtain endothelialized liver lobule-like constructs. ii) CLSM imaging of the 3D model at
day 1 and day. F-actin (green) and nuclei (blue) were stained to visualize cell morphology and arrangement. Scale bar: 200 um. iii) Drug testing with
Sorafenib on cocultured and mono-cultured liver cancer models at different drug concentrations. Statistical analysis of cell viabilities with *p < 0.05 and
*%p < 0.01. Adapted under terms of the CC-BY license.[®’]
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all cell types and do not fully replicate the tumor microarchitec-
ture, 3D bioprinting has the potential to replicate the TME in its
entirety by patterning different biomaterials and cell populations.
This results in a biomimetic cancer model that not only replicates
the cellular and ECM composition but also maintains the same
geometrical arrangement.®1~3 This versatile technique has been
used to develop various cancer models for both research and drug
development purposes.

For instance, Schmid et al. developed a vascularized melanoma
in vitro model, recreating the skin ECM structure using a three-
component hydrogel-based bioink composed of 3% gelatin, 0.5%
alginate, and 0.1% HA.[** These biomaterials ware chosen based
on skin matrix composition, and their proportions were opti-
mized to ensure both printability and biomimicry. Gelatin, as
hydrolyzed collagen, adds thickness to the bioink to achieve the
desired construct elasticity and ensures integrin binding. HA fa-
cilitates CD44 interaction and significantly impacts angiogene-
sis and cancer metastasis. Alginate, although not a native skin
constituent, was used to tune the ink’s stiffness. This bioink
maintained the differentiation potential of immortalized adipose-
derived mesenchymal cells (ADSCs) into the adipogenic lineage,
in contrast to 2D culture substrates, which induce differentiation
into the osteogenic line. Malignant metastatic melanoma cells
(Mel Im) proliferated in large colonies (over 100 pm in diame-
ters after 14 days) and often escaped the hydrogel construct, con-
sistent with their highly migratory behavior in vivo. This model
was tested in vivo in immune-deficient rats with an arteriovenous
loop to assess intrinsic vascularization and metastases formation.

An example of the high spatial resolution achievable through
3D bioprinting technique is the realization of a drug screening
platform that mimics the liver lobule structure.®>! This model
consisted of a three-layer hexagonal structure deposited through
dot extrusion printing (DEP) technology, with a hepatocellu-
lar carcinoma cell (C3A)-laden Gelatin methacryloyl (GelMA)
bioink. To achieve an endothelialized liver cancer model, the au-
thors developed an additional construct depositing 4% gelatin
containing HUVECs microbeads on the first hepatocellular car-
cinoma layer. This layer was sacrificed after GelMA crosslink-
ing to obtain a thin network of endothelial cells fully connected
and covering the surface of the primary structure (Figure 3C).
GelMa 6% effectively supported C3A cells spheroid growth, with
its compression modulus closely matching that of liver tissue
and its abundant cell-attachment sites ensuring rapid HUVEC
adhesion during the brief sacrificial phase. The biomimetic 3D
structure guided endothelial cell extension and network forma-
tion. Drug testing with Sorafenib on this endothelialized model
demonstrated stronger drug resistance compared to the C3A-
only printed construct and 3D spheroids, highlighting the crucial
role of endothelium component in the liver TME. This platform
may lead to more accurate pharmacodynamic results for in vitro
drug testing.

Moreover, 3D bioprinting technique can be employed in pre-
cision cancer medicine to help determining the most effective
treatment for each patient. A sophisticated GBM glioblastoma
model was established to investigate patient-specific drug re-
sistance to conventional treatments using patient-derived cells.
The model consisted of a multibioink concentric-ring structure
printed on a microfluidic chip.’® The bioink for the first rings
was made from decellularized extracellular matrix derived from
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porcine brain tissue (BdECM) and was laden with patient-derived
cancer cells and vasculature cells (HUVECsS) for the inner and
outer rings, respectively. An additional outer ring was printed
with a gas permeable silicone ink. This structure recapitulates
the patient-specific TME in its complexity within a reasonable
timeframe of less than 2 weeks. It includes the bio-chemical and
mechanical cues of the brain ECM, tumor—stroma interactions
anatomically similar to those in native tissue, and the establish-
ment of a radial oxygen gradient simulating the hypoxic core of
GBM glioblastoma. The validity of this model was investigated
by comparing cell resistance to concomitant radiotherapy and
temozolomide treatment (the current standard of care for GBM
glioblastoma with 2D cell cultures and 3D spheroids for each
of seven patient-derived cells. The glioblastomaGBM-on-a-chip
model’s responsiveness to treatment diverged from both control
populations but better mimicked the clinical response. Overall,
the development of 3D cancer models that further mimic in vivo
conditions allow scientists to monitor cell behavior thoroughly,
focusing on their interactions at the single-cell level and in real-
time over extended periods. These analysis techniques will be ex-
plored in the subsequent sections.

3. Bulk Versus Single-Cell Analyses

3.1. Limitations of Bulk Analyses

For years, bulk analyses have represented the gold standard for
investigating physiological and pathological states, as well for es-
tablishing diagnostics, prognostics, and therapeutics schemes.
This type of analysis, which relies on microscopy,*’1%! flow
cytometry, 17191 and molecular biology techniques, %171 aims
to evaluate the cellular and molecular contents of a sample
by averaging data collected from a heterogeneous cell popula-
tion. However, organs are complex environments composed of
different tissue microenvironments that orchestrate and regu-
late physiological functions. Signaling gradients, cell-cell, and
cell-ECM extracellular interactions create a multifactorial and
intricate network of differential gene expression, resulting in
heterogeneity.[1%19] Pathological disorders often disrupt this bal-
ance, creating a microenvironment favorable to disease devel-
opment. Bulk analyses mask the gene expression signatures of
subpopulations, as well as changes in proportion and individual
activation states, by averaging the entire sample. To address the
limitation of bulk analyses, a paradigm shift toward single-cell
analyses is necessary. This approach can reveal cell—cell and cell-
environment interactions within cancer models that replicate the
fundamental features of the TME (Figure 4).

3.2. Importance of Single-Cell Analyses

Recent technological advances have provided methods to isolate
and identify cells,[11%112] a5 well as to analyze molecular profiles
at single-cell resolution,'3-15] overcoming the limitations bulk
analyses.l116117] While the power of single-cell analyses has been
recognized for decades, it is only the advent of simultaneous and
integrative multimodal analyses, combined with bioinformatics
tools, that has truly begun to reveal the heterogeneous tissue envi-
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BULK vs. SINGLE-CELL ANALYSES
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* Average expression across the whole cell
population
* Not informative of cell heterogeneity

Single-cell analysis
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* Reveals cell heterogeneity
Single cell-specific readouts can model exchange
between different cells and between individual cells
and environment

Figure 4. Schematic representation of the main differences between bulk (left) and single-cell (right) analysis of cell populations.

ronment and the interplay between neighbor cells.'1311] Single-

cell genomic, epigenomic, proteomic, and transcriptomic tech-
nologies are revolutionizing our understanding of cellular re-
sponses and resistance to anticancer treatments.['2012!] In this
section, we will discuss recent publications focusing on flow cy-
tometry, microscopy, and multi-omics approaches, as valuable
techniques for single-cell analyses.

3.2.1. Flow-cytometry: A Cornerstone for Single-Cell Analysis

Developed in the mid-1970s, flow cytometry is now one of the
most advanced and versatile techniques for automated and quan-
titative analysis of multiple characteristics of individual cells in
a high-throughput manner.(1?2123] In this approach, cells sus-
pended in an aqueous buffer are hydrodynamically focused to
pass in single file through a laser beam, where they are analyzed
based on physical parameters or emitted fluorescent light derived
from the labeled cells.'?*] In combining flow cytometry with
fluorescence-activated cell sorting (FACS) allows for the physi-
cal isolation of individual cells from heterogeneous populations
based on their fluorescence properties for further analyses.[12>12¢]

In the recent years, flow cytometry has become a cornerstone
technique in different research fields, including cell biology, im-
munology, drug discovery, and oncology.'’] At single-cell level,
ithas been used to deeply investigate intratumoral heterogeneity.
For example, Kieffer et al. identified different subsets of fibroblast
CAFs expressing the fibroblast activation protein (FAP) linked
to immunosuppression and immunotherapy resistance in breast
cancer.['?8] By investigating over 19 000 single CAF-S1 cells, the
authors identified five clusters characterized by ECM protein ex-
pression and signaling pathways related to primary immunother-
apy resistance. The discovery of these cluster-specific signatures
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is crucial for improving new therapeutic strategies in combina-
tion with immunotherapies. Similarly, Hutton et al. used single-
cell analysis to reveal a fibroblast lineage that supports antitu-
mor immunity in pancreatic ductal adenocarcinoma (PDAC).['*]
By analyzing stromal composition in murine tissues and spon-
taneous tumor models via mass cytometry, they found that
CD105-positive fibroblasts allowed tumor growth in vivo, while
CD105-negative fibroblasts were highly tumor suppressive, in an
adaptive immunity-dependent manner (Figure 5A).

Flow cytometry is also employed to characterize the metabolic
profile of cancer cells at the single-cell level. Although most
metabolic profiling techniques are performed in bulk, Arguello
et al. recently proposed a simple method based on flow cytometry
to quantify the energy metabolism of various cell types in parallel
with single-cell resolution.!'3%] This technique, named SCENITH
(Single Cell ENergetic metabolism by profillng Translation inHi-
bition) measures protein synthesis levels, which consume a high
amount of cellular energy, thus providing a measure of the global
metabolic activity. This flow cytometry-based method has been
applied to ex vivo metabolic studies in whole blood, lymphoid or-
gans, and myeloid cells in solid tumors, demonstrating its validity
for analyzing heterogenous samples.

Overall, flow cytometry single cell analysis provides crucial in-
sights omitted in bulk analyses, improving therapeutic responses
and patient stratification.

3.2.2. Advanced Optical Methods for Characterizing Cellular
Dynamics in 3D Models

Despite its unquestionable power to unravel tumor heterogene-

ity, flow cytometry is not able to provide single-cell analyses of
intact 3D models. In fact, cells grown in 3D systems need to
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be recovered from their environment before undergoing flow-
cytometry. In this context, optical methods could offer a way to
characterize cells in 3D models in toto while retaining spatial
information.["*!] Optical sample sectioning and spatially-resolved
approaches can reconstruct intensity profiles as a function of po-
sition, granting spatial context for individual cell subpopulations.

Microscopy owns different features that can be suited to char-
acterize cellular models. Firstly, resolution is compatible with
subcellular structures. In addition, light sources have a nonde-
structive nature, and this allows for long-term imaging of living
cells in order to measure their dynamics. Notably, since great part
of the cell molecules are not fluorescent, a diverse range of flu-
orescent labels can be introduced enabling proteins, organelles,
and other structures to be targeted for imaging, either by geneti-
cally encoding fluorescent tags of proteins or by linking fluores-
cently labeled antibodies.[?7132:133]

Laser scanning confocal (LSC) imaging stands out for imaging
intact cell aggregates or entire 3D models with high sensitivity
and a good signal-to-noise ratio (SNR). For example, Teixera et al.
used confocal microscopy to investigate the role of the stromal
component in tumor progression and metastasis in an in vitro
3D model of breast cancer.®>] Confocal imaging visualized cell
adhesion within the hydrogel, their organization into tubular-like
structures, and heterotypic cell—cell and cell-ECM interactions.

Microfabrication of novel analytical tools able to integrate and
precisely manipulate individual cells have been proposed. Mi-
crofluidic chips assembled in the shape of cell traps, droplets
and microwells have demonstrated to be appropriate tools to in-
vestigate cells behavior in the complex TME at a single-cell level
through confocal microscopy. Zhao et al. isolated gastric cancer
cells from 12 patient ascites samples using a microfluidic single-
cell trapping array chip (SCTA chip)(*** and analyzed them us-
ing in situ immunofluorescence. This setup allowed the identifi-
cation of EpCAM+/CD45- cells with intact and hyperchromatic
nuclei, and the serial expression analysis of YAP1 and HER-2 via
confocal imaging revealed different expression levels according
to disease progression (Figure 5B).

Recently, Alieva et al. introduced BEHAV3D, an analytical pro-
tocol which exploits multicolor live 3D imaging.['**] The aim of
the study was to detect the dynamics of tumor cell death by visual-
ization of individual cell and population, to recognize the behav-
ior of engineered T cells (labeled with fluorescent dyes), and to
extract data from 3D images and time-lapse video in order to gain
more detailed insights of inter- and intratumor heterogeneity.
This protocol was applied to breast cancer, head and neck cancer,
and diffuse midline glioma, and allowed to unveil the tumor re-
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sponse to cellular immunotherapy, representing therefore a valid
methodology to highlight differences in patients’ treatment re-
sponse.

Multiphoton microscopy (MPM) offers an alternative to LSC
microscopy for analyzing thick 3D samples due to its increased
penetration depth. This technique is based on near-infrared exci-
tation, thus data acquisition is possible with lower tissue absorp-
tion and scattering, hence minimal phototoxicity and low noise
SNR.[131]

Kunze et al. used MPM to investigate the collagen-rich ECM
remodeling potential of DAPK1 in colorectal cancer.3*! Tumor
cells were embedded in an in vivo chorioallantoic membrane
(CAM) tissue model and imaged after five days using MPM. This
approach allowed the analysis of the invasion front of tumors
grown on the CAM in 3D, allowing analysis of the tumor cell-
ECM interactions.

Optical methods offer an efficient and rapid strategy for visu-
alizing cell structures, ECM components, and their interactions.
However, for a more comprehensive investigation of underlying
molecular mechanisms, these methods often need to be com-
bined with other analytical techniques.

3.2.3. Advancements in Multi-Omics for Single-Cell Analysis

Omics sciences, including genomics (DNA), epigenomics (acces-
sible or condensed chromatin), transcriptomics (RNA), and pro-
teomics (protein) analyses, have long been utilized to uncover
and examine biomolecular levels in both physiological and dis-
ease contexts. Recently, multimodal integrative single-cell omics,
incorporating spatial and temporal resolution, are revolutioniz-
ing our understanding of normal tissue development, diseases
establishment and progression.['*”] In particular, cancer, being
highly heterogenous in terms of genotypes, phenotypes, and cells
states, can benefit from single-cell techniques to recognize the
unique features of individual cells. Depending on the tissue ori-
gin and its microenvironment, several temporal cellular alter-
ations and responses specific to spatially restricted subpopula-
tions can be linked to immune evasion and tumor progression.
Combining 3D cell culture techniques with multi-omics anal-
yses provides a powerful approach for supporting personalized
therapies by characterizing the intricate relationships between
genome-associated changes, cellular activation pathways, and
protein expression patterns within individual subpopulations in
the tumor microenvironment TME. In this context, Lin and col-
laborators investigated the behavior of osteosarcoma cells in re-

Figure 5. Examples of single-cell analyses. A) —i) Workflow of mass cytometry analysis at level of single-cell of stromal cells in murine normal tissue and
in PDAC and their distinction by CD105 expression. ii) UMAP projection of single mesenchymal stromal cells from tumor tissues (n = 19) with color-
coded FlowSOM clusters (1-20). iii) Relative abundance of KPC PDA mesenchymal stromal subclusters, regrouped into major mesenchymal groups. iv)
Spearman correlation coefficients of all pairwise cluster frequencies. CAF subsets CD105-negative (orange) and CD105-positive (green) are highlighted.
ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001. Adapted under terms of the CC-BY-NC-ND license.['?] B) —i) Schematic workflow for the
separation of gastric cancer cells from ascites by microfluidic techniques and further analysis at the single-cell level in a SCTA-chip. ii) Bright-field, CLSM
imaging and Wright-Giemsa staining in the chip for separated cells from 12 patients’ ascites. Staining for EpCAM (green), YAP1 (red), and CD45 (blue),
were performed. Scale bar: 8 um. iii) Representative confocal fluorescence images and Wright-Giemsa staining of isolated AGS cells on the SCTA-chip.
Immunostaining for CD45 (blue), EpCAM (green), YAPT (red), HER-2 (yellow), and their overlay are shown. Scale bar: 8 um. Adapted under terms of
the CC-BY-NC-ND license.l"3#] C) —i) Workflow of scRNA-seq analysis of 3D angiogenic sprouts grown in the microfluidic chip. ii) UMAP plot of ECs
with and without Fibroblast condition. Cells are colored by their clusters (C0-C8). iii) Plot of cellular pathways enriched by marker genes of each cluster.
Enrichment significance is displayed as —log10(P). iv) Dot plot of the relative expression of marker genes associated with cell cycle, glycolysis, VEGF
receptors, actin cytoskeleton, and ECM pathways. Adapted under terms of the CC-BY license.l'*]
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sponse to antitumor drugs.['*®] The authors developed a bio-
printed osteosarcoma model embedded in an ECM-like envi-
ronment, which successfully supported cell viability and pro-
liferation, while facilitating nutrient exchange and drug per-
meation. Comparative analyses using transcriptomic RNA-seq
and DNA methylomics across 2D cultures, spheroids, and the
bioprinted model revealed significant differences in the cel-
lular pathways and molecular alterations between these sys-
tems. The 3D bioprinted model, combined with comprehen-
sive multi-omics analyses, more accurately reflected cell behav-
ior within a TME-like environment, and helped to identify po-
tential therapeutic targets for chemotherapeutic agents. Tang
et al. demonstrated the genotypic and phenotypic heterogeneity
of castration-resistant prostate cancer (CRPC) using patients de-
rived organoids (PDOs).'* Four different molecular subtypes
were identified through transposase-accessible chromatin se-
quencing (ATAC-seq), RNA sequencing (RNA-seq), and DNA se-
quencing analyses. The authors associated specific transcription
factors and gene signatures with each subtype, enabling the sep-
aration of CRPC patients accordingly. Target proteins were pre-
dicted and validated using transcriptomic data from CRPC pa-
tients, highlighting the power of combining in vitro and omics
approaches.

In a more refined way, single-cells omics methodologies are
invaluable in understanding cellular behavior within the TME.
Gong et al. investigated the functional dynamics of immune
cells in nasopharyngeal carcinoma (NPC) through integrated
research.' Single-cell RNA sequencing (scRNA-seq), spatial
transcriptome sequencing, and cell-cell interaction analyses al-
lowed to stratify, identify, and functionally classify Treg sub-
population with immunosuppressive activity, recognizing their
molecular basis. NPC-derived organoids cocultured with pe-
ripheral blood mononuclear cells (PBMCs) were used to val-
idate the data and to predict immunotherapy responses. In
a recent work, Lee et al. used an angiogenesis-on-a-chip sys-
tem to recreate endothelial sprouts and identify endothelial
cells heterogeneity.'*!1 By scRNA-seq analysis, the authors dis-
covered cells exhibiting spatially distinct autophagy activation
patterns on the elongating sprouts (Figure 5C). Data analyses
from tumoral tissue of breast cancer patients corroborated the
findings from the 3D model. Understanding angiogenesis, a
hallmark of cancer, is critical for advancing tumor therapeutic
strategies.

Recent breakthroughs in single-cell omics analyses, partic-
ularly from cancer patients and 3D in vitro models such as
immortalized cancer cell lines and patient-derived organoids
(PDOs), have started to pave the way for improved clinical
management. However, several challenges remain, including
the time required to generate complex in vitro tumor models
and the need for accurately representing the heterogeneity of
the tumor transcriptome landscape. To address these issues,
Ding et al. developed a system that rapidly generates patient-
derived micro-organospheres (MOS) for drug screening within
a clinically relevant timeframe.['*?] Their study demonstrated,
through single-cell RNA analyses, that the cell populations in
MOS closely corresponded to those in patient tumor specimens
from various cancers (lung, kidney, ovarian, and colorectal). This
platform showed potential for effectively guiding patient treat-
ment decisions. Similarly, Chen et al. used scRNA-seq to study
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matched PDOs from cholangiocarcinoma and PDAC pancre-
atic patients alongside their primary tumor samples. Their re-
search revealed both interpatient and intratumoral heterogene-
ity through transcriptional profiling.l'*}! Although the organoid
composition did not fully replicate the TME and displayed adap-
tive mechanisms due to culture conditions, the PDOs still exhib-
ited tumor characteristics suitable for drug testing and treatment
guidance.

In an interesting study by Tian et al., preclinical, clinical,
and translational research revealed mechanisms potentially ben-
eficial for colorectal cancer patients.['**] The authors analyzed
paired scRNA-seq data from samples obtained before and dur-
ing a combinatorial treatment in a phase II clinical trial and si-
multaneously generated organoids from the same patients. Their
matched analyses showed a correlation between signaling path-
way inhibition and an enhanced immune response, leading to
clinical benefits. This study demonstrated the feasibility of inte-
grating scRNA-seq analyses into treatment regimens to improve
clinical outcomes.

However, preparing samples for single-cell analyses remains
a challenge in cancer research, particularly with patient-derived
fresh samples. Proper logistics and handling are essential to pre-
serve cell viability and membrane integrity, as delays or poor con-
servation can lead to contamination and low-quality data. Ensur-
ing viable cells and preventing aggregation are critical steps for
high-quality single-cell analysis. Coordinated efforts between sur-
geons and researchers, along with best practices in sample han-
dling, can help mitigate these challenges.['*-148]

Beyond sample preparation, single-cell data analysis presents
another hurdle. As methodologies evolve to include integrative
multi-analytical spatial and temporal data, the volume of infor-
mation generated is immense, making it impossible for man-
ual analysis within a reasonable timeframe. Bioinformatics is
now indispensable for processing, integrating, and analyzing
these datasets. However, the complexity of computational biol-
ogy, along with the vast array of available tools, poses challenges
in selecting the most suitable platform and statistical parameters
to extract meaningful insights from the data.[''*]

In conclusion, the integration of multi-omics and single-cell
analyses is proving essential for unraveling the heterogeneity
of tumors and identifying new therapeutic targets for cancer
patients. Nonetheless, clinical applications, such as decision-
making treatment strategies based on these combined ap-
proaches, remain a work in progress and require further refine-
ment. Additionally, incorporating time-resolved omics methods
is crucial for advancing cancer research, as we will discuss in the
following sections.

4. Endpoint Versus Live-Cell Analyses

4.1. Limitations of Endpoint Analyses

The gold standard for investigating tumor progression has tra-
ditionally been endpoint analyses, allowing for long-term stud-
ies of cellular behavior. This method involves examining data
at specific intervals during cell development, treatment, and
follow-up.*1501 Researchers track changes in cell characteris-
tics, biomarker expression, therapeutic responses, and cellu-
lar progression by capturing snapshots of cell development.
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Figure 6. Schematic representation of the main differences between endpoint (left) and live-cell (right) analysis.

These snapshots help to identify critical milestones, elucidate
underlying mechanisms, and develop new therapeutic strate-
gies. However, endpoint analysis has inherent limitations affect-
ing its interpretive power and clinical relevance (Figure 6)./*>!]
One major challenge lies in its reductionism, particularly in
cancer research. Endpoint analyses simplify cancer complex-
ity by isolating moments in the disease process,!'>?] overlook-
ing continuous tumor evolution, missing nuances of intratu-
moral heterogeneity, clonal dynamics, and microenvironmental
influences.!'>3] Such oversimplification can lead to missed sub-
tle but clinically significant changes over time. Additionally, end-
point analysis is constrained by the frequency and timing of
data collection.['>*] Cancer progression is nonlinear, with peri-
ods of rapid growth, dormancy, and metastasis.!*! Traditional
endpoint intervals, such as post-treatment check, may miss cru-
cial transitional phases and emergent phenomena, hiding criti-
cal events and impeding predictive modeling. Furthermore, end-
point analysis offers a static view of disease progression and cel-
lular response. Cancer is a dynamic system influenced by an
array of intrinsic and extrinsic factors, including genetic muta-
tions, epigenetic modifications, immune surveillance, and ther-
apeutic interventions.!'>>1¢] Endpoint analysis often fails to cap-
ture the temporal dynamics of these factors, treating each obser-
vation as independent and static. This approach may underesti-
mate tumor evolution complexity, treatment resistance mecha-
nisms, and adaptive responses, limiting the predictive accuracy
of temporal models and therapeutic strategies. Consequently,
rare events, such as the transition from solid tumor cell to
circulating tumor cells that can be missed without the proper
tracking.
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4.2. Importance of Live-Cell Analyses

Live-cell analysis enables the study of cellular dynamics in real
time, offering a more comprehensive view compared to static
snapshots of single time points. This noninvasive monitoring al-
lows to follow cell arrangement and modification during disease
progression, providing a clearer picture of the dynamic and het-
erogeneous microenvironment. Cancer cells, unlike healthy tis-
sues, lack rigorous cell cycle control, giving them an advantage
in f growth and proliferation. In this scenario, morphometric dy-
namics help identify specific cellular states, new mechanisms of
cellular signaling modulation, and novel cell populations, other-
wise hardly noticeable with static methodologies.*>”] Moreover,
live-cell analyses are crucial for understanding the dynamic re-
sponses of tumors to treatment, capturing cellular and signaling
events in real time. This approach has the potential to identify
biomarkers that could enhance therapeutic efficacy and enhance
clinical outcomes.[">81%] [n the following sections, we will dis-
cuss different techniques for continuous analysis in oncology re-
search, including the Seahorse analyzer, optical metabolic imag-
ing OMI, live imaging microscopy, and Raman spectroscopy.
These methods provide invaluable insights into the complex be-
havior of cancer cells, paving the way for more effective treat-
ments.

4.2.1. Real-Time Cell Metabolic Analyzer

Cellular metabolism involves the uptake of substrates such as
oxygen, glucose, and fatty acids, and their conversion into en-
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ergy through enzymatically controlled oxidation/reduction reac-
tions. These reactions occur via intracellular biochemical pro-
cesses including glycolysis, Krebs cycle, electron transport and
oxidative phosphorylation (OXPHOS), resulting in ATP produc-
tion and the release of heat and chemical by-products like lac-
tate and CO, into the extracellular environment.['*!] Monitoring
the metabolic states of cells within complex microenvironment,
such as the TME, and their dynamic responses to physiological
stimuli is crucial. Evaluating the metabolic state of a statistically
significant sample alone is insufficient for the aforementioned
purposes.

Kinetics studies of biological parameters such as pH, oxy-
gen, potassium, lactate, and glucose allow to evaluate mitochon-
drial function, cellular glycolysis, bioenergetic profiles, and ox-
idative stress in various diseases.['%27165] These studies also track
metabolic fluxes in cancer models (e.g., spheroids)!'®®! and iden-
tify metabolic phenotype switches (e.g., in T cells and in can-
cer cells),'®) evaluating cell oxygen consumption and extracel-
lular acidification.!'®”] These parameters are typically monitored
using spectrofluorimetric techniques, which measure variations
in fluorescence intensities displayed by optical probes interact-
ing with different concentration of the target analyte over time.
The Agilent Seahorse Analyzer (Agilent), along with the Sea-
horse Cell Mito Stress Test kit, is a widely used spectrofluorimet-
ric methodology and is considered the gold standard for mea-
suring cellular metabolic activity in bulk. This fully integrated
multiwell instrument evaluates the extracellular fluxes (XF) and
the uptake/excretion of metabolic end products of adherent cells
in a microplate over time, enabling rapid, real-time detection
of metabolic changes. Specifically, it measures changes in mito-
chondrial metabolism and cellular respiration or glycolysis rates
due to experimental manipulation.['%-17% The instrument quan-
tifies the oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR), providing average concentration changes of
analytes over in time. The Seahorse methodology has been uti-
lized to identify and track metabolic phenotype switches in can-
cer cells. Wu et al. performed a detailed bioenergetic analysis of
H460 and A549, two human lung cancer cell lines.[1!] They eval-
uated the metabolic responses of these cell lines to pharmacolog-
ical modulators of oxidative and glycolytic energy metabolism,
simultaneously recording OCR and ECAR. The study revealed
distinct bioenergetic phenotypes characterized by high glycoly-
sis rates and attenuated mitochondrial respiration capacity, with
H460 cells displaying a more glycolytic behavior and greater im-
pairment of mitochondrial respiration compared to A549 cells.
Somova et al. developed an in vitro renal cell carcinoma (RCC)
that mimicked the interplay between healthy and malignant re-
nal tissue combining healthy renal proximal tubule epithelial
cells (RPTEC) and RCC cells.'”!] Metabolic analysis of cocultured
RPTEC tubules and RCC spheroids in a closed micro-perfused
circuit showed significant phenotypical changes in the tubules.
Seahorse measurements indicated that RCC induced a shift in
the energy production of RPTEC tubules toward glycolysis, likely
supporting RCC growth and immunogenicity. RCC cells, how-
ever, maintained stable metabolic activity, emphasizing their re-
silience to external factors (Figure 7A).

In a different approach, Hunt et al. demonstrated how the
solid TME imposes a compromised metabolic state on tumor-
infiltrating T cells (TILs), marked by an inability to maintain ef-
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fective energy synthesis for antitumor function and survival.l'”?]
In order to overcome nutrient stress, T cells in the TME must
catabolize lipids via mitochondrial fatty acid oxidation (FAO). T
cells enriched in FAO are adept at cancer control. The study re-
vealed that the TME imposes perpetual acetyl-coenzyme A (CoA)
carboxylase (ACC) activity, invoking lipid biogenesis and storage
in TILs, which opposes FAO. Using Seahorse metabolic analy-
sis, the authors found that restricting ACC activity rewired T cell
metabolism, enabling energy maintenance under TME stress,
sustaining T cell longevity and functionality, enhancing cancer
control.

Despite its reliability, the Seahorse technology is primarily re-
stricted to simple cell cultures, such as adherent monolayers or
cells suspensions, and its application to 3D models is still poorly
optimized and limited to spheroids.

To improve the investigation of real-time changes in cell
metabolic activity at level of single cell, optical metabolic imag-
ing (OMI) has been developed. OMI is a noninvasive, fast, and
high-resolution approach to monitor cellular metabolism by de-
tecting and quantifying autofluorescent activity already present
in the cells from co-enzymes reduced nicotinamide adenine din-
ucleotide (NADH) and flavin adenine dinucleotide (FAD).['73-17¢]
Different studies relied on this methodology to evaluate the dy-
namic and heterogeneous drug response at single-cell level in
patient-derived pancreatic cancer organoids!'’’) and in breast
cancer cell lines.['”%] Cannon et al. used OMI to quantify dynamic
cell-level metabolic differences in drug response between 2D cell
lines and 3D organoids generated from breast tumors, proving
that this technique is sensitive enough to provide insight on dy-
namic changes in the relative abundance of metabolic cell sub-
populations that contribute to drug resistance in 3D cancer in
vitro models.['7?]

4.2.2. Live-Cell Imaging: Advancing Understanding of Cellular
Dynamics in Real-Time

As previously introduced, cell imaging microscopy plays a cru-
cial role in various scientific disciplines, including cell biology,
medicine, pharmacology, and microbiology, as it allows the visu-
alization and analysis of the structure, function, and behavior of
individual cells or groups of cells in their natural environment or
in vitro.

Endpoint cell imaging has been widely used to visualize and
analyze cells after treatment or experimental manipulation at
a specific time point after having typically fixed and stained
them with fluorescent probes. Several are the applications, in-
cluding the visualization of subcellular structures (e.g., nucleus,
cytoskeleton, mitochondria, and endoplasmic reticulum), study-
ing protein localization and distribution within cells, examin-
ing cellular processes such as cell cycle progression, apoptosis,
and autophagy,1#*18!l analyzing biomolecular interactions and
signaling pathways, and investigating changes in cellular mor-
phology and structure in response to experimental conditions
or treatments.['82-18] Overall, endpoint fluorescent imaging pro-
vides valuable insights into the structure, function, and behavior
of cells and their components at a specific time point, contribut-
ing to the understanding of cellular biology and various biological
processes.
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Live-cell imaging, however, provides a more comprehensive
view by maintaining cell viability and growth during imaging,
ensuring precise and stable incubator conditions (temperature,
humidity, CO, levels, O, eventually) on the microscope. In com-
parison to single snapshots taken at specific time points, live-cell
imaging allows for the continuous observation of cellular dynam-
ics, such as growth and development, over time, and helps iden-
tify suitable time points for endpoint investigations, which can
Dbe challenging to determine accurately.

For example, live-cell imaging has been used as additional
technique to evaluate the efficacy of anticancer therapeutic drugs
and drug repurposing by optimizing cell growth conditions and
endpoint times for viability assays in various human prostate can-
cer cell lines.!! Similarly, Xing et al. used time-lapse imaging
and MTT endpoint assays to predict the efficacy of chemotherapy
on breast and colon tumor slices embedded in agarose, demon-
strating the utility of 3D tumor slice platforms for anticancer drug
discovery.!86]

Live-cell imaging also enables real-time the monitoring of cell-
death phenomena, providing significant indications of disease
conditions and therapy effectiveness. Vicar et al. observed time-
lapse morphological changes in prostate cancer cell mass distri-
butions such as the “dance of death”, swelling and membrane
rupture.[187]

Tracking cell migration, self-organization, or invasion over
time is crucial for understanding processes like embryonic de-
velopment, tissue repair or cancerous tissues growth. Long-term
time-lapse investigations of mammary epithelial cell spheroid
formation and growth have provided insights into initial breast
cancer invasion into a collagen-rich ECM, reproducing a 3D
model of cell-cell and cell-matrix interactions.88 Live confocal
imaging has also allowed the observation of glandular branched
tissues morphogenesis, where organoids from primary pancre-
atic PDAC cells in collagen self-organized to reproduce the in vivo
PDAC architecture, revealing specific phases of organoid mor-
phogenesis characterized by unique patterns of cell proliferation,
invasion, matrix deformation and protein expression.!'8]

Live-cell imaging is widely used to capture the complex intri-
cacies of cellular dynamics and cell-cell interactions, which are
crucial for organism survival. Fluorescent time-lapse microscopy
of tumor—stroma cocultures during chemotherapy has effectively
quantified the heterogeneity of drug response in cancer-stroma
kinetics.'% In this study, an extremely fast and cheap compu-

www.advtherap.com

tational approach was developed, utilizing only time-lapse fluo-
rescence microscopy to precisely quantify cell-cell interactions
and their effects on cellular dynamics. This method computed in-
teractions among pancreatic stroma cells and pancreatic cancer
cells, revealing variations in cancer-stroma kinetics and quantify-
ing heterogeneity in drug response in an in vitro coculture model.
The proposed approach can also monitor cell kinetics under dif-
ferent cellular perturbations, representing a powerful tool with
broad applications in computational biology.

Recently, time-lapse microscopy has shown potential also for
recording metabolic changes in complex 3D cocultures with high
temporal resolution and at the single-cell level. Mono- and co-
cultures of tumor and stromal pancreatic cells were embedded
into 3D spherical alginate microgels and pH metabolic varia-
tions were monitored and quantified over time. This revealed dif-
ferences in the metabolic crosstalk of tumor and stromal cells
(Figure 7B).1191

After image acquisition, time-lapse image sequences can be
analyzed with specialized algorithms to precisely quantify cellu-
lar dynamics over time. These analyses include quantifying cell
tracking, measuring cell migration and proliferation, changes in
cell morphology, and analyzing cellular events such as division,
apoptosis, or intracellular trafficking.[***1%7] However, quantify-
ing parameters from single cells in spatio-temporal motion re-
mains challenging due to various variables, such as vibrations,
illumination, cell motility, focus maintenance, pH, temperature
and humidity fluctuations, which may interfere with the acquisi-
tion of high-quality images.['%191 Additionally, repeated fluores-
cence excitation can cause phototoxicity, affecting the cell cycle,
cell divisions, and increasing cell death during imaging.[198-200]
Solutions include reducing laser intensities and exposure times,
and increasing the length of image acquisition intervals. While
this reduces phototoxicity, it must be balanced with the detec-
tion times of cellular transitions or biological phenomena and
the tracking of cell positions to ensure accurate image acquisi-
tion and analyses.

Another approach for real-time monitoring of cellular dynam-
ics using fluorescent microscopy involves fluorescence lifetime
imaging microscopy (FLIM) measurements. Unlike intensity-
based imaging, FLIM is independent of excitation intensity fluc-
tuations, sample thickness, and photobleaching.?!] FLIM has
been widely used for monitoring oxidation-reduction chemistry
in real-time, which is crucial for extensively understanding of cell

Figure 7. Examples of live-cell analyses. A) —i) lllustration of the experimental set-up for the metabolic analyses in a microfluidic RCC in vitro model,
comprising two connected compartments to simulate the circulation between cancer and healthy epithelium in the renal tubule. Three different con-
ditions were investigated: RPTEC tubules in monoculture (left), RCC spheroids in mono-culture (central), and coculture of RPTEC tubules and RCC
spheroids (right). (i) Metabolic activity analysis based on OCR and ECAR by Seahorse Analyzer. ATP production rate was measured in traditional 2D-
cultures for both monocultures (RPTEC-TERT1 and CAKI1 cells) (left), in renal tubules (central), and in RCC spheroids (right). Energy produced by
glycolytic metabolism (dark gray) and mitochondrial respiration (light grey) could be distinguished. Adapted under terms of the CC-BY license.l'’]
B) —i) Representative CLSM imaging of an alginate hydrogel incapsulating pancreatic tumor cells (AsPC-1, magenta), stromal cells (PSC, blue), and
FITC/RBITC pH sensors (yellow) and correspondent bright-field (BF) image. Scale bar: 50 um. ii) Maximum intensity z-projection of the ratiometric
fluorescent pH sensors surrounding a single cell. Green channel: sensitive dye (FITC), red channel: reference dye (RBITC), and bright-field (BF). iii) 3D
mapping of sensors surrounding a cell over time with relative pH colormap. Adapted under terms of the CC-BY license.[’?!] C) —i) Raman spectrum of a
single cell of human glioblastoma (U87), with the various bands representative of cellular constituents. Adapted from Xu et al. under terms of the CC-BY
license.[218] ji) Schematic representation of the scaffold for the SERS biosensing of spheroids made of MCF7 and HDF cells in presence of ligand-free
AuNRs as SERS enhancers. iii) Representative SERS peak intensity maps for the Raman peaks identified by Principal Component Analysis (PCA) around
a single spheroid (green dashed line in the optical image, bottom right) at day 4 of culture. Scale bar: 50 um. iv) UMAP of the whole spectra collected at
4,6, and 8 days of culture showing vibrational changes are mainly related to progression over time. v) SERS average spectra for each clusters identified in
(iv). vi) Percentual distribution of spectra across the three clusters at 4, 6, and 8 days of culture. Adapted under terms of the CC-BY-NC-ND license.[226]
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metabolism in healthy and pathological conditions. For example,
intrinsic NADH fluorescence was acquired with FLIM to exam-
ine its metabolic states in the TME either in vitro or in ortho-
topic mouse xenograft models of GBM, showing that NADH life-
times were longer for all tumor tissues compared to the healthy
ones, and directly correlating the contribution of bound NADH
with decreased survival.22] Shirmanova et al. employed multi-
parametric FLIM in time-lapse to explore the relationships be-
tween the redox status and reactive oxygen species (ROS) in col-
orectal cancer cells, important regulators of apoptosis. Their aim
was to overcome apoptotic resistance during drug treatments.[2%%
Differently, based on photon counts of FLIM, it is also possible
to quantify G-quadruplex DNA in in situ live cells by using a
tripodal cationic fluorescent probe (NBTE). Differences in the G-
quadruplex DNA level can have important insights in cancer cell
detection, indeed, the authors measured a G-quadruplex DNA
amount fourfold greater in cancer cells than in normal cells.[2*

With the aim of increasing imaging penetration depth (i.e.,
spatial resolution) and lifetime measurement accuracy also two-
photon or multiphoton FLIM technologies have attracted atten-
tion in cancer research.?! Various biomedical applications of
two-photon FLIM have been reviewed, as for example noninva-
sive clinical diagnostic tool of digestive tract tumor.2¢207] Re-
cently, multiphoton FLIM was used to investigate over time the
fluorescence lifetime of endogenous fluorophores in 3D breast
cancer spheroids derived from cell lines embedded in colla-
gen with varying densities, evidencing the presence of spatial-
metabolic gradients and in particular a shift toward oxidative
phosphorylation of the cells of the spheroids in contact with the
collagen matrix and of the ones that migrated the farthest.['8!]
Furthermore, multiphoton FLIM found successful application in
vivo from the development of multiphoton tomography which
uses tissues autofluorescence and a near infrared femtosecond
laser to provide a fast and noninvasive measure with picoseconds
temporal resolution.!2%8]

4.2.3. Raman Spectroscopy: A Powerful Tool for Live-Cell Analyses

Raman spectroscopy, first described nearly 100 years ago as a new
methodology!?®], has since been used to elucidate the physico-
chemical properties of many materials.[1! More recently, it has
emerged as a powerful and versatile tool in cell biology, offer-
ing unique insights into cellular dynamics under physiological
conditions.[211212]

Raman spectroscopy plays a crucial role in cell biology by en-
abling the detailed characterization of cellular components. By
analyzing the Raman spectra of biological samples, researchers
can identify and quantify various biomolecules such as proteins,
lipids, nucleic acids, and carbohydrates (Figure 7C,i).[213>-21] This
information is crucial for understanding cellular biochemical
processes and their responses to external influences. Moreover,
Raman spectroscopy offers insights into dynamic cellular pro-
cesses, such as metabolic activities, protein folding, and cell
signaling. By monitoring changes in Raman spectra over time,
researchers can gain valuable information about cellular func-
tion and response to stimuli. This capability has significant im-
plications for biomedical research, drug discovery, and disease
diagnosis.2!7]
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Recent studies demonstrate the application of Raman spec-
troscopy in analyzing breast cancer cell line, revealing that MCF-7
cells exhibit specific modes such as amide I at 1656 cm™!; amide
III at 1242 cm™'; a combination of lipids and proteins at 855,
1257, 1300, 1338, and 1447 cm™'; nucleic acid as DNA in 782
cm™!. Notably, this spectrum showed lower intensity in cells with
vacuoles, averaging half the intensity observed in other cells.[?!8]
Another study mapped subcellular enrichment of glycogen in
HELA cells using Raman scattering, identifying distinct glyco-
gen metabolic phenotypes. After validation, melanoma cells with
BRAF mutations displayed a high glycogen-accumulation pheno-
type and significant resistance to glucose deficiency.[**°]

Combining Raman spectroscopy with Fourier transform-—
infrared (FT-IR) spectroscopy provides complementary informa-
tion for understanding the structure, function, and biochemical
changes in fixed or live cells, even with spatial resolution. Analy-
ses, of MIA PaCa-2 and MDA-MB-231 cell lines (pancreatic and
breast cancer, respectively) showed increased bands associated
with nonpolar groups (C-H vibrations 3050-2800, ~#1446 cm™,
and ~1330 cm™') in fixed cells, while bands associated with polar
groups (N-H stretch at #3300 cm™! and amide I at 1656 cm™!)
were increased. In live cells, Raman spectra from 1743 to 912
cm™! revealed a strong band at 1660 cm™' related to amide I,
with the amide II band being much weaker compared to infrared
analysis. The most prominent band in the analyzed region was
1446 cm™! related to 6CH,. Additionally, bands between 1340
and 1240 cm™! represented vibrations of amide II1, consistent
deformations of N-H and C-H, while the symmetric PO, stretch
at 1237 cm™' was primarily from DNA and RNA, as evidenced
by its significantly higher signal in the nucleus.[?2022!] The pres-
ence of water in live cells can pose challenges for lower spectra
readings due to its high peaks at 3250 cm™ and 3470 cm™!,1222]
but does not interfere with biologically significant peaks below
3100 cm™!, such as amide I and amide IT (%1650 cm~' and #1550
cm™!, respectively).[2*]

Due to its label-free and nondestructive nature, Raman imag-
ing can be used to noninvasively image cancer cells and study
the internalization kinetics and localization of anticancer therapy
agents. For example, a recent study by Annugova et al. tracked
molybdenum bioconjugate nanoparticles (with peaks at ~350
cm™! and ~730 cm™) in cervical squamous carcinoma cells us-
ing label-free live cell confocal Raman microscopy. The study
demonstrated preferentially internalization of these nanoparti-
cles in lysosome-rich regions of cancer cells expressing carbonic
anhydrase IX (CAIX), a hypoxia marker associated with poor
prognosis tumors, as confirmed through flow cytometry and fluo-
rescence microscopy.[?? Active targeting observable through Ra-
man microscopy can streamline nanoparticle delivery and thera-
peutic success, enabling live monitoring the entire process. Nan-
otags can facilitate high-resolution time-lapse live-cell Raman
imaging. Gu and colleagues developed ultrabright gap enhanced
resonance Raman tags (GERRTS) consisting of a petal-like gold
core and silver shell with near-infrared resonant reporters. Upon
785 nm excitation, the authors successfully tracked living HeLa
cells for extended periods with minimal photodamage, captur-
ing dynamic cellular processes with high temporal resolution and
speed (1 ms per pixel).[2%]

In a recent work, Garcia-Astrain et al. developed a 3D printed
hydrogel platform integrating biosensing and imaging of 3D
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breast cancer cell models in situ through surface-enhanced Ra-
man scattering (SERS).[?2] The researchers created a polyethy-
lene glycol diacrylate (PEGDA) 3D-printed scaffold incorporating
ligand-free gold nanorods (AuNRs) for sensing of cell-secreted
metabolites and SERS-labeled nanoparticles for 3D imaging.
This construct allowed monitoring of morphological changes
in MCF7 and HDF heterotypic spheroids and analyzing spatio-
temporal profiles of secreted molecules for up to 21 days, reveal-
ing that these tumoroids physically and biologically remodel their
ECM according to cancer cell plasticity (Figure 7C,ii-vi).

5. Conclusions

Over the years, the importance of 3D in vitro models has become
increasingly evident. A growing number of studies have bene-
fited from tunable platforms that offer greater control over mim-
icking the TME, ultimately aiming to “replace, reduce, and re-
fine” animal use in experimental protocols.

In this review, we summarized the state-of-the-art of 3D can-
cer models, highlighting the most outstanding techniques for
their development and showcasing some intriguing applications.
These examples demonstrate that shifting from 2D cell cultures
to 3D models is essential for a deeper understanding of can-
cer hallmarks. Unfortunately, the use of effective 3D platforms
in cancer research is still limited by issues of reproducibility
and standardization of procedures. Critical insights from exist-
ing studies can help develop models that more closely resemble
in vivo tumors. These improved models can be adapted for clin-
ical use, aiding scientists in developing personalized medicine
and oncologists in enhancing cancer patient care.

In addition to developing robust models, the availability of ap-
propriate technologies for real-time monitoring of cells at single-
cell resolution is crucial for the progression of cancer research.
We discussed the emerging need to improve analysis methods
for investigating these 3D cell models at the single-cell level, es-
pecially through microscopy and multi-omics techniques. These
advancements will enable researchers to account for cell hetero-
geneity, cell-cell and cell-ECM interactions while retaining spa-
tial resolution of the analysis. A further step toward a deeper un-
derstanding of the TME involves combining this type of analy-
sis with live cell studies. We showed that cancer progression is a
complex, dynamic process that shall not be fully investigable only
with traditional time-point assays but requires continuous mon-
itoring. The advent of innovative microscopy and spectroscopy
procedures could represent a turning point in live-cell monitor-
ing, allowing scientists to inquire the TME evolution over time.
This approach offers a comprehensive and detailed view of cellu-
lar dynamics in response to drug treatments, reducing variability
and enabling the monitoring of long-term effects.

Altogether, these 3D systems and advanced analytical condi-
tions will open new perspectives for in vitro screening of cellular
and molecular determinants of cancer development and progres-
sion.
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