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Abstract

Bioengineered in vitro three-dimensional
(3D) skin model has emerged as a promising
tool for recapitulating different types of skin
cancer and performing pre-clinical tests.
However, a full-thickness 3D model including
the epidermis, dermis, and hypodermis layers
is scarce despite its significance in human
physiology and diverse biological processes.
In this book chapter, an attempt has been made
to summarize various skin cancer models,
including utilized skin layers, materials, cell
lines, specific treatments, and fabrication
techniques for three types of skin cancer: mel-
anoma, basal cell carcinoma (BCC), and squa-
mous cell carcinoma (SCC). Subsequently,
current limitations and future directions of
skin cancer models are discussed. The knowl-

edge of the current status of skin cancer
models can provide various potential
applications in cancer research and thus a
more effective way for cancer treatment.
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5-FU 5-Fluorouracil
AK Actinic Keratosis
ALA Aminolevulinic Acid
BCC Basal Cell Carcinoma
BEC Blood Endothelial Cells
BLM BRO Lung Metastasis
BM Basement Membrane
CD31 Cluster of Differentiation 31
cDC2 Type-2 Conventional Dendritic Cells
Cldn4 Claudin 4
CLEC2A C-Type Lectin Domain Family

2 Member A
cSCC Cutaneous Squamous Cell

Carcinoma
DED De-Epidermized Dermis
ECM Extracellular Matrix
EGF Epidermal Growth Factor
EGFR Epidermal Growth Factor Receptor
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G-CSF Granulocyte Colony-Stimulating
Factor

GFP Green Fluorescent Protein
GM-CSF Granulocyte-Macrophage Colony-

Stimulating Factor
HBL Human Diffuse Large B-cell

Lymphoma
HGF/SF Hepatocyte Growth Factor/Scatter

Factor
HMVEC Human Microvascular Endothelial

Cells
HNSCC Head and Neck Squamous Cell

Carcinoma
HPV Human Papillomavirus
LEC Lymphatic Endothelial Cells
LEF-1 Lymphoid Enhancer Binding Factor 1
LOX Lysyl Oxidase
MAPK Mitogen-Activated Protein Kinase

Pathway
MMP-9 Matrix Metalloproteinase-9
NBCSS Nevoid Basal Cell Carcinoma

Syndrome
NK Natural Killer
OMA1 Overlapping with the m-AAA

Protease 1 Homolog
PDPN Podoplanin
Ptch1 Patched 1
RDEB Recessive Dystrophic Epidermolysis

Bullosa
RGP Radial Growth Phase
RNAi RNA Interference
SCC Squamous Cell Carcinoma
SHH Sonic Hedge Hog
SMO Smoothened
TGFβ Transforming Growth Factor Beta
TJ Tight Junction
TNF- α Tumor Necrosis Factor Alpha
TRAIL Tumor Necrosis Factor-Related

Apoptosis-Inducing Ligand
UV Ultraviolet
VGP Vertical Growth Phase

1 Introduction

Skin is commonly described as a protective layer
because it is the body’s first line of defense
against many harmful threats. Over the past

century, the increased exposure time to sunlight
and UV has drastically increased the incidence of
skin cancer (Zarebkohan et al. 2020). In the
United States, skin cancer occurs in 5.4 out of
every million (Cakir et al. 2012). Skin cancer is
classified into three types: melanoma, basal cell
carcinoma (BCC), and squamous cell carcinoma
(SCC) (Fig. 1). Melanoma is the most dangerous
cancer and accounts for 74% of the death toll,
even though it makes up only 4% of all skin
cancer cases (Dubas and Ingraffea 2013).
Non-melanoma cancers, including SCC and
BCC, are known to be less fatal than melanoma
cancer, taking up 80% and 20%, respectively
(Zarebkohan et al. 2020).

Various skin models have been utilized to bet-
ter understand the molecular and cellular
mechanisms involved in the development of
cancer and to develop potential therapeutic
methods for its treatment. A two-dimensional
(2D) cell culture is one of the most common
models for skin cancer research as well as many
biological studies (Jensen and Teng 2020). How-
ever, numerous studies have revealed that there
are considerable disparities between 2D and 3D
tumor environments in terms of physiology, gene
and protein profiles, cell/tissue function, and
abnormal reaction toxicants (Carvalho et al.
2015; Duval et al. 2017; Lelièvre et al. 2017).
For example, skin fibroblasts in 3D were physio-
logically relevant, having a dendritic shape, as
opposed to in 2D, where they have a higher
spreading area and more stress fibers (Park et al.
2015). As such, traditional 2D models have a very
low translational potential. To reduce the gap
between 2D and 3D in vitro models, animal
models have been adopted due to their increased
similarity to humans. Murine models were suc-
cessfully tested to predict the efficacy and phar-
macodynamics of anti-cancer drugs (Kuzu et al.
2015). However, there are still some limitations to
animal models due to the inherent differences and
a very low rate of reproducibility between humans
and mice, thus resulting in less than 10% of data
which is possible to translate (Carvalho et al.
2018; Mak et al. 2014). In the case of skin tissue,
there was a significant difference in the architec-
ture of the hypodermis between the two species
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(Khavari 2006). Hence, there is a necessity to
develop a more effective system that mimics
human physiology (Unnikrishnan et al. 2021).

Recent developments in 3D in vitro cancer
models have provided an alternative to traditional
approaches to recapitulate the tumor microenvi-
ronment with accuracy in a low-cost and simple
manner (Li et al. 2019). The most commonly used
methods for replicating 3D tumors include
in vitro spheroids, microfluidics, assembling,
tumor formation in 3D gels, and bioprinting
(Asghar et al. 2015; Cui et al. 2017). These 3D
in vitro models are more physiologically relevant,
but data for studying skin cancer using these
models are still scarce. Moreover, most of the
3D skin disease models, including cancer or
wound healing, have utilized single- or double-
layered tissues composed of epidermis or epider-
mis/dermis layers, excluding the hypodermis
layer, despite its significance in several biological
processes (Zimoch et al. 2021). In this review, we
summarize various skin tissue models and their
applications for cancer research using three dif-
ferent types of cancer: melanoma, SCC, and

BCC. Since there are only a few studies using
tri-layered skin tissue for skin cancer research
in 3D in vitro models, we discuss the future
directions regarding the role of adipose tissue in
3D skin cancer research.

2 Skin Cancer Models

2.1 Melanoma Skin Model

Melanoma is the deadliest skin cancer because of
its apparent propensity to metastasize despite
being the least frequent (Bourland et al. 2018).
To mimic the melanoma microenvironment and
understand the dynamics of melanoma cancer
cells, diverse 2D and 3D melanoma skin models
have been developed and utilized (Table 1).

A de-epidermized skin tissue model has
been widely used for melanoma research. An
organotypic skin melanoma construct consisting
of a stratified epidermis, basement membrane,
and dermis was fabricated by utilizing a
de-epidermized, de-cellularized dermis (DED)

Fig. 1 Types of skin
cancer. Squamous cell
carcinoma (SCC) starts in
the squamous cells of the
skin, whereas basal cell
carcinoma (BCC) develops
in the basal cells.
Melanoma, the deadliest
form of skin cancer,
frequently grows in a mole
or is suddenly created as a
dark spot, developing from
melanocytes
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Table 1 Studies using melanoma skin tissue models

Skin layer Material Cell type
Fabrication
method

Signaling
molecule/
protein

Additional
component Reference

Epidermis
Basement
membrane
Dermis

Rat tail
collagen
type I

Keratinocytes
Fibroblasts
451-LU (metastatic
melanoma cells)

Manual
Hanging
drops

Epidermal
growth factor

TRAIL (tumor
necrosis factor-
related
apoptosis-
inducing
ligand)
UVB
Cisplatin

Vörsmann
et al.
(2013)

Epidermis
Basement
membrane
Dermis

De-
epidermized
dermis

Keratinocytes
Fibroblasts
WM35 (melanoma cell
line- radial growth
phase)
SK-MEL-28
(melanoma cell line-
metastatic phase)

Manual Haridas
et al.
(2017)

Epidermis
Basement
membrane
Dermis

Rat tail
collagen
type I

Keratinocytes
Fibroblasts
Melanocytes
WM35 (RGP
melanoma cells)
WM793 and WM115
(VGP melanoma cells)
WM852 (metastatic
melanoma cells)

Manual EGF
bFGF/Ad5

Meier
et al.
(2000)

Epidermis
Basement
membrane
Dermis

Rat tail
collagen
type I

Keratinocytes
Fibroblasts
Melanoma cells

Manual PLX4032
(Vemurafenib)

Lee et al.
(2010)

Dermis Rat tail
collagen
type I

Fibroblasts
451Lu and SKMel28
melanoma cells

Manual RAF kinase
inhibitor
MEK
inhibitors
PI3K inhibitors

Meier
et al.
(2007)

Epidermis
Basement
membrane
Dermis

De-
epidermized
dermis
0.5%
collagenase
A solution

Keratinocytes
Fibroblasts
HBL melanoma cells
A375-SM melanoma
cells
C8161 melanoma cells

Manual TNF-alpha
Fibrin clot
solution

Fibrin
Ibuprofen

Marques
and
MacNeil
(2016)

Epidermis
Basement
membrane
Dermis
(without
stromal
fibroblasts)

De-
epidermized
dermis

Keratinocytes
Adherent melanoma
cells (BLM)

Manual Epidermal
growth factor

Van
Kilsdonk
et al.
(2010)

Epidermis
Basement
membrane
Dermis

Collagen
matrix

Keratinocytes
Fibroblasts
A375 melanoma cell
line
451Lu melanoma cell
line

Model
produced by
MatTek

Fisetin Syed et al.
(2014)

(continued)
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(Di Blasio et al. 2020). Fibroblasts were seeded
onto the reticular dermal side of the DED while
keratinocytes were later seeded onto the papillary
side, on top of the basement membrane. Various
melanoma cell lines including BLM, BLM-GFP,
Mel624, and A375 were incorporated into the
epidermis and dermis. To assess the impact of
tumor microenvironment on immune cells, type-
2 conventional dendritic cells (cDC2s) were then
seeded into the dermis. The 3D skin model in this
study demonstrated that the tumor microenviron-
ment transforms wildtype, immunostimulatory
cDC2s into immunosuppressive CD14+ dendritic
cells that cannot effectively induce T-cell activa-
tion. This model highlights one manner in which
melanoma cells propagate changes that weaken
the immune system.

Kilsdonk et al., similar to the previous study
(Di Blasio et al. 2020), also used a de-epidermized
dermis to construct an organotypic skin model
(Van Kilsdonk et al. 2010). The DED contained
the de-cellularized dermal component and the
basement membrane (BM), which were taken
advantage of by carrying out trials where mela-
noma cells were either seeded into the reticular
dermis or on top of the basement membrane, with-
out keratinocytes included at first. In addition,
no fibroblasts were incorporated into the skin

construct in order to focus on the cell interactions
between melanoma and keratinocytes. When met-
astatic melanoma cells (BLMs) were seeded onto
the basement membrane without keratinocytes,
the BM served as a barrier for invasion, and the
melanoma cells could not cross into the dermis. In
contrast, when keratinocytes were incorporated to
form a stratified epidermis conjoined with the
dermis, BLM invasion occurred. The experiments
supported evidence that cross-talk between
keratinocytes and metastatic melanoma cells is
required for encouraging BLMs to pass through
the BM by activating proteases such as MMP-9.

Marques et al. also utilized a de-epidermized
dermis where fibroblasts were seeded onto the
reticular dermis, and keratinocytes and melanoma
cells were seeded onto the papillary surface
(Marques and MacNeil 2016). This study was
motivated by the fact that patients experience a
local recurrence of melanoma in the wound bed
post-surgical excision of the primary tumor. The
3D skin tissue model, complete with a stratified
epidermis, basement membrane, and dermis,
received a wound by using a scalpel blade to
form a cut through the epidermis and into the
dermis. The in vitro model demonstrated that
inflammation can heighten melanoma invasion
but be reduced by anti-inflammatory treatment

Table 1 (continued)

Skin layer Material Cell type
Fabrication
method

Signaling
molecule/
protein

Additional
component Reference

Epidermis
Basement
membrane
Dermis

Anchor
papers

Keratinocytes
Fibroblasts
Human microvascular
endothelial cells
(HMVEC: includes
blood and lymphatic
endothelial cells)
A375, Malme 3 M,
SK-MEL 28, RPMI
7951, WM983A, and
WM983B melanoma
cells

Self-
assembly
method
Hanging
drops

Epidermal
growth factor

Vermurafenib Bourland
et al.
(2018)

Epidermis
Basement
membrane
Dermis

De-
epidermized
dermis

Keratinocytes
Fibroblasts
BLM, BLM-GFP,
Mel624, and A375
melanoma cells
cDC2s

Manual
Microneedle
array system

Epidermal
growth factor
Keratinocyte
growth factor

Di Blasio
et al.
(2020)
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using three different melanoma cell lines:
A375SM and HBL invasion were increased by
wounding and decreased with ibuprofen treat-
ment, while C8161’s severe invasion was not
impacted by wounding, TNF-α, or ibuprofen.
The 3D skin tissue model used in this study has
proved to be an immensely useful tool for
assessing the behavior of different melanoma
cell lines’ unique responses to external factors.

Two different melanoma cell lines – WM35
and SK-MEL-28 – were employed to study cell
invasion using a 3D skin equivalent model
consisting of de-epidermized dermis containing
fibroblasts, keratinocytes, and melanoma cells
(Haridas et al. 2017). The invasion of the mela-
noma cell lines was quantified over 3 weeks, and
the results demonstrated that SK-MEL-28 mela-
noma cells invaded the dermis quickly; at a
slower rate, WM35 melanoma cells eventually
invaded the dermis as well. In addition, as the
invasion progressed, the basement membrane lost
integrity, being partially absent. This led to the
conclusion that interference with the basement
membrane is potentially associated with the tran-
sition from the radial growth phase (RGP) to the
vertical growth phase (VGP).

Lee et al. fabricated a human skin equivalent
with a stratified epidermis, basement membrane,
and dermis by means of the manual method (Lee
et al. 2010). An acellular collagen foundation
was set first, followed by a mixture of fibroblasts
with rat tail collagen placed on top. Finally,
keratinocytes and melanoma cells were seeded
last. An inhibitor of BRAF V600E, PLX4032
(vemurafenib), an established drug used in mela-
noma treatment, was then applied to the skin
construct. Results showed that PLX4032 exclu-
sively decreased proliferation and induced apo-
ptosis of melanoma cells with the BRAF V600E
mutation. Furthermore, the tumors were dimin-
ished, highlighting the aggressive impact of the
inhibitor on melanoma cells with the V600E
oncogene.

The self-assembly method was leveraged to
fabricate an organotypic skin melanoma substitute
with a stratified epidermis, basement membrane,
dermis, blood vessels, and lymphatic vessels
(Bourland et al. 2018). This model, which highly

mimics native skin, involved seeding fibroblasts
onto three anchor papers to form cell sheets.
Human microvascular endothelial cells (HMVEC)
including lymphatic endothelial cells (LEC) and
blood endothelial cells (BEC) were seeded into
two of the cell sheets. On the third cell sheet,
melanoma spheroids and keratinocytes were
seeded. The three cell sheets were at last layered
together to form the human skin substitute. The
study exhibited that blood and lymphatic vessels
were successfully formulated, distinguished by
markers such as CD31 and PDPN; the vessels
were also metabolically active, as seen by an
increased presence of chemokine ligand 21 and
angiopoietin-2. By including capillary networks,
the 3D model more accurately represents native
skin compared to 2D and 3Dmodels without endo-
thelial cells. The substitute was also assessed
when treated with vemurafenib, and results showed
that the proliferation of melanoma cells decreased
significantly after treatment, although some
proliferative cancer cells remained.

Syed et al. utilized a full-thickness skin model
with A375 melanoma cells that are commercially
produced by MatTek Corporation (Syed et al.
2014). The model includes a differentiated epi-
dermis and dermis alongside the melanoma cells
exhibiting RGP, VGP, and metastatic behavior. It
should be noted that the in vitro skin equivalent
was supplemented with media, both with and
without fisetin (i.e., control), a tetrahydrox-
yfalvone. Results revealed that the fisetin-treated
samples had significantly reduced melanoma cells
and melanocytic lesions compared to the control.
The study also highlighted that the experimental
treatment did not cause any notable damage to the
keratinocytes or fibroblasts, thus showcasing the
advantage of using 3D skin constructs to assess
not only the effects of potential drug treatments
on melanoma but also on the skin morphology
as a whole. Further investigation discovered that
fisetin directly interacts with and binds to mTOR
and p70S6K, suggesting that fisetin’s antiproli-
ferative effect stems from its interference in cell-
signaling pathways.

A simple single- or double-layered skin model
has also been widely used. A skin equivalent
comprised of only the dermis, no basement
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membrane nor epidermis present, was
constructed using an acellular collagen solution
made from rat tail collagen type I (Meier et al.
2007). A collagen matrix with fibroblasts and
metastatic melanoma cells (with the V600E muta-
tion) was then placed over the acellular layer.
When the matrix was treated with the media
containing MEK inhibitors, PI3K inhibitors,
and/or RAF kinase inhibitor, the fibroblasts were
not impacted by treatment. However, the RAF
kinase inhibitor and the PI3K inhibitor, when
used individually, decreased the melanoma inva-
sion throughout the dermis. Moreover, using the
two types of inhibitors together resulted in com-
plete tumor suppression with only few melanoma
cells left in the construct. This study demonstrates
the opportunity to use bioengineered skin tissue
for pre-clinical, in vitro testing of potential
treatments that target cell signaling pathways
such as MAPK and AKT. In another study,
Meier et al. constructed double-layered skin
mimetic tissue using the manual method, produc-
ing a stratified epidermis, basement membrane,
and dermis. Similarly, a fibroblast-collagen
matrix was set onto the acellular foundation and
supplemented with medium containing epidermal
growth factor. Subsequently, keratinocytes and
melanoma cells were seeded. Results showed
that basement membrane was successfully
synthesized in vitro by fibroblasts and
keratinocytes in the skin equivalent. Furthermore,
transduction of the bFGF gene into melanoma
cells exhibiting radial growth phase (RGP)
allowed RGP melanoma cells to invade and nest
in the dermis, a characteristic not seen without
transduction. This model represents a potential
application to study individual genes and their
influence on melanoma phenotypes.

2D and 3D melanoma models were tested and
compared to explore the effects of a chemother-
apy drug and UVB using organotypic skin tissue,
including a stratified epidermis, basement mem-
brane, and dermis (Vörsmann et al. 2013). Mela-
noma spheroids, made of the metastatic 451-LU
cell line, were produced by placing the cells using
the hanging drop method and were embedded
into the fibroblast-collagen matrix. The spheroids
were treated with tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL) and
ultraviolet-B radiation (UVB), whereas others
were treated with TRAIL and cisplatin. The
study observed that whereas 2D melanoma
models showed tumor cell death for TRAIL
+UVB and TRAIL+cisplatin, only the latter
caused apoptosis in melanoma spheroids of the
3D skin construct. Thus, UVB lost its ability to
render melanoma tumors sensitive to TRAIL
once the tumors were in the heterogenous model
that better represented native skin. Furthermore,
the TRAIL+cisplatin treatment selectively
targeted melanoma cells since apoptosis was not
induced in fibroblasts or keratinocytes. Overall,
this study underscores that 2D results do not
necessarily translate to 3D outcomes, reiterating
the need to use multilayered 3D skin constructs
for pre-clinical research.

2.2 Squamous Cell Carcinoma (SCC)
Skin Model

Squamous cell carcinoma (SCC), the second most
prevalent type of skin cancer, is characterized by
aberrant, accelerated squamous cell proliferation.
Similar to the melanoma model, single- or
double-layered skin tissues have been commonly
available using diverse fabrication methods,
including a cutting-edge bioprinting technique
(Table 2).

Browning et al. adopted a 3D skin model
through a bioprinting method detailed by Derr
et al. (Derr et al. 2019), to study cutaneous squa-
mous cell carcinoma, where the model is com-
posed of a stratified epidermis, basement
membrane, and dermis (Browning et al. 2020).
A commercial bioprinter (REGENHU 3D Dis-
covery Bioprinter) was used to fabricate the der-
mis. In brief, fibroblasts were loaded into a
syringe that was loaded into the bioprinter and
then dispensed into the hydrogel consisting of
gelatin, fibrinogen stock solution, collagen I,
and elastin. A laminin/entactin solution was then
hand-pipetted onto the dermal foundation to form
the basal layer, followed by the deposition of
keratinocytes. Afterward, A431 cSCC spheroids
were manually placed onto the top of the skin
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model. It was observed that the cSCC cells
exhibited radial and vertical growth phase. In
addition, the model’s integrity was supported by
gene expression analysis that agreed with findings
from in vivo cSCC studies. Certain groups were
treated with 5-fluorouracil (5-FU), a chemothera-
peutic drug, and results demonstrated that 5-FU
selectively killed cSCC cells with insignificant
toxicity to the non-cancerous keratinocytes.

An organotypic skin that consisted of a
stratified epidermis, basement membrane, and der-
mis was created by means of the manual method to
study photodynamic therapy, which involves a
photosensitizer and light (Obrigkeit et al. 2009).
Collagen III as well as Collagen I-containing
fibroblasts served as the dermal component, and
keratinocytes were seeded onto the dermal layer,
followed by SCC 12 cells that were placed onto

Table 2 Studies using SCC skin tissue models

Skin layer Material Cell type
Fabrication
method Additional component Reference

Epidermis
Dermis
Basement
membrane

Gelatin
Fibrinogen
stock solution
Collagen I
Elastin
Laminin/
entactin

Keratinocytes
Fibroblasts
A431 cSCC cells

Bioprinting RegenHU
3DDiscovery
bioprinter

Browning
et al. (2020)

Epidermis
Dermis
Basement
membrane

Collagen G
(collagen I
and III)

Keratinocytes
Fibroblasts
SCC 12 cells

Manual δ-Aminolevulinic acid
(ALA, photosensitizer
drug)
Visible radiation
(545 nm)

Obrigkeit
et al. (2009)

Epidermis
Dermis
Basement
membrane

Rat tail
collagen I
Fibronectin
solution

Keratinocytes
Fibroblasts
SCC-25 cells

Manual Brauchle
et al. (2013)

Epidermis
Dermis
Basement
membrane

Collagen I Keratinocytes
Fibroblasts
SCC-12 cells

Manual Ingenol mebutate gel Zoschke
et al. (2016)

Epidermis
Dermis

Collagen I Fibroblasts
SCC12 cells
Natural killer cells

Manual Anti-CLEC2A
blocking antibody
OMA1

Gonçalves-
Maia et al.
(2020)

Epidermis
Dermis

Rat collagen I Fibroblasts
HNO97, HNO199, HNO136,
HNO206 (head and neck
squamous cell carcinoma cells)

Manual G-CSF and GM-CSF
antibody against
G-CSF and GM-CSF

Gutschalk
et al. (2006)

Epidermis
Dermis

Rat tail
collagen I
Matrigel

RDEB fibroblasts
RDEB-cSCC keratinocytes
(recessive dystrophic
epidermolysis bullosa)

Manual SB505124
PF573228
β-aminopropionitrile
LY294002

Mittapalli
et al. (2016)

Epidermis
Dermis

Viscose fiber
fabric

Fibroblasts
Head and neck squamous cell
carcinoma tissue slices

Manual Fractionated
irradiation

Engelmann
et al. (2020)

Epidermis Ker-CT (keratinocyte cell line) Manual Smirnov
et al. (2019)

Epidermis
Basement
membrane
Dermis

De-
epidermized
dermis

Fibroblasts
Keratinocytes with recombinant
retroviruses

Manual pLXSN-8E7
retrovirus

Akgül et al.
(2005)
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the center of the construct. Experimental
observations revealed that the cancerous cells in
the skin equivalent exhibited characteristics similar
to in vivo studies such as irregularly shaped
keratinocytes with larger nuclei and the ability to
proliferate in the epidermis and eventually the der-
mis. In addition, the photodynamic experiments
consisted of a control group, a group treated
solely with a pro-photosensitizer, a group
treated with green light, and a group treated
with both pro-photosensitizer and green light. The
pro-photosensitizer, δ-aminolevulinic acid (ALA),
converts to the photosensitizer protoporphyrin
when placed in the tissue environment. Only in
the experimental group treated with both ALA
and green light was there substantial impact: SCC
tumor size decreased, SCC apoptosis was induced,
and SCC mitotic activity decreased. Since photo-
dynamic therapy had already been integrated as a
treatment for patients with SCC prior to these
experiments, this research helped validate the use
of SCC skin equivalents to reliably study the effects
of potential cancer-targeting drugs.

A 3D SCC skin model consisting of a stratified
epidermis, basement membrane, and dermis was
used to understand the characteristics of SCC cells
(Brauchle et al. 2013). Fibroblasts were embedded
in rat tail collagen I and fibronectin solution was
placed onto the collagen matrix. Then, either
keratinocytes or SCC-25 cells were seeded onto
the dermal component for a non-cancerous or
SCC cancerous model, respectively. The disease
model did not exhibit robust spatial organization
nor a stratified corneous layer in contrast to the
non-cancerous model. The SCC model illustrated
characteristics similar to in vivo studies: keratin
accumulations were present, and capsular tumor
cell nests were formed. Unlike in vivo experiments,
SCC-25 cells had not infiltrated the dermis sponta-
neously. This study also found that SCC-25 cells
appeared to haveweak cell-cell contacts, as seen by
small gaps between the cells in the epidermis.
Uniquely, Raman spectroscopy, a non-invasive
technique, was utilized to distinguish between
non-cancerous and cancerous models using
differences in the Raman spectra. This form of
spectroscopy proved useful in identifying SCC
versus non-SCC skin tissue.

Zoschke et al. also used engineered human skin
using the manual fabrication method that resulted
in an organotypicmodel with a stratified epidermis,
basement membrane, and dermis (Zoschke et al.
2016). Collagen I formed the foundation and was
then layered with further collagen I integrated with
fibroblasts. Keratinocytes were seeded onto the
dermal layer, and the cancerous models added
SCC-12 cells into the epidermis. SCC models
were incorporated with different ratios of
keratinocytes to SCC-12 cells to represent different
stages of SCC (epidermal invasion only or epider-
mal and dermal invasion). Certain experimental
groups received topical treatment of Ingenol
mebutate gel, a drug that has been used for patients
with non-melanoma skin cancer. Whereas
non-cancerous models had a fully stratified epider-
mis, SCC models did not and were found to have
parakeratosis. SCC-12 cells were also found to
break down the basal membrane. The stratum
spinosum of disease models had “architectural dis-
array”. Thus, the organotypic models proved use-
ful in assessing a layer-by-layer look at the effect of
SCC on skin. In addition, proteins related to the
tight junction (TJ) were assessed: in SCC models,
certain TJ proteins were reduced, such as Cldn4
and occludin. Numerous other differences were
described as well; the stratum corneum of cancer
models had lower lipid to protein ratios, lower
cholesterol and ceramide levels, and a greater
excess in phospholipids than non-cancerous
models. Organotypic samples with more invasive
SCChad a higher surface pH than normal. To study
the permeability of skin tissue, caffeine permeation
was assessed, and the SCC epidermis-dermis
model had a permeability coefficient more
than two-fold of the non-cancerous model.
Furthermore, certain experimental groups were
treated topically with Ingenol mebutate gel, which
resulted in epidermal cell necrosis in both
non-cancerous and cancerous models, resembling
the outcomes of actinic keratosis (AK) patients
who received application of the drug and experi-
enced pain and skin irritation. Overall, these
findings suggest that SCC presence in the skin
may result in impaired skin barrier function and
that organotypic skin is a suitable method of study-
ing topical treatments.
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Natural killer (NK) cells were incorporated
into organotypic skin tissue, including an epider-
mis and dermis (Gonçalves-Maia et al. 2020).
The NK cells were embedded into a collagen I
matrix; fibroblasts in collagen I, seeded above by
SCC-12 cells, were then placed onto the NK cell
layer. Experimental observation revealed that the
NK cells were able to move upward into the
dermal component. In addition, this study exam-
ined how the interaction between fibroblasts
and NK cells through the expression of
CLEC2A genes impacts SCC-12 progression. In
organotypic models of wild-type fibroblasts that
expressed CLEC2A, the immune cells decreased
the invasion of SCC-12. However, in models with
xeroderma pigmentosum fibroblasts or cancer-
associated fibroblasts, both of which do not sig-
nificantly express CLEC2A, the NK cells did not
reduce the cancer’s invasion rate. In experiments
with wild-type fibroblasts treated with anti-
CLEC2A blocking antibody OMA1, SCC-12
invasion was prominent as well. These studies
highlight the significance of different cell types
and their gene profile to understand how squa-
mous cell carcinoma behaves.

Gutschalk et al. investigated the behavior of
head and neck squamous cell carcinoma using a
manually produced organotypic model with an
epidermis and dermis (Gutschalk et al. 2006).
Fibroblasts were combined with rat collagen type
I to form the dermal equivalents and various head
and neck squamous cell carcinoma (HNSCC) lines
were seeded on top for different experimental
purposes. Certain trials employed HNSCC cells
that secreted granulocyte colony-stimulating factor
(G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF). Addition of G-CSF
and GM-CSF to cell lines, whether they already
had the capacity to secrete them, increased migra-
tion and proliferation in the organotypic models.
Cell lines that secrete G-CSF and GM-CSF them-
selves were characterized by invasion into the der-
mal equivalent; however, when antibodies to the
two factors were incorporated, the tumor cells’
invasive ability was severely reduced. The study
highlighted the need to re-evaluate the potential
side effects of using G-CSF and GM-CSF to treat
certain secondary effects of cancer treatment.

Engelmann et al. studied the heterogeneous
nature of head and neck squamous cell carcinoma
(HNSCC) using organotypic skin models, includ-
ing an epidermis, dermis, and immune cells as
well (Engelmann et al. 2020). Rather than using a
collagen-based scaffold, the dermal equivalent
was created by culturing fibroblasts on a viscose
fiber fabric, a technique that allows the fibroblasts
to produce the extracellular matrix. To assess
characteristics of cancer cell behavior at a
patient-specific level, HNSCC samples from
patients, which either came from HPV-driven
HNSCC or non-HPV-driven HNSCC, were
sliced, and the tissue slices were overlayed on
top of the dermal equivalent. The organotypic
models that utilized tissue samples of non-HPV
driven HNSCC had similar morphology to
the primary tumors of the patients they were
derived from; meanwhile, there were notable
deviations between HPV-derived models and
their corresponding primary tumors, such as
p16INK4a expression later in the trials. Models
from different patients could also exhibit different
proliferation behaviors: invasive growth pattern
(growth into the dermis), expansive growth pat-
tern (horizontal growth in the epidermis), and
silent growth pattern (neither invasion nor expan-
sion). Certain experimental groups were treated
with fractionated irradiation, and the irradiation
caused varying effects on the unique cancer
models, mimicking how patients with SCC
may respond differently to the same treatment.
Overall, this study emphasizes the value of
organotypic tissue as a fast and effective way to
evaluate a variety of parameters and responses.

An in vitro skin disease model composed of
two layers (epidermis and dermis) was utilized to
study recessive dystrophic epidermolysis bullosa
(RDEB) and associated cutaneous squamous cell
carcinoma (cSCC) (Mittapalli et al. 2016). The
disease model consisted of a matrix of rat tail
collagen I, matrigel, and RDEB fibroblasts. cSCC
keratinocytes obtained from RBED samples
(RBED-cSCC keratinocytes) were seeded onto
the dermal layer to form the epidermis. Inhibitors
of TGFβ signaling, lysyl oxidase (LOX), or
integrin β1-mediated mechanosignaling were
added to the model’s culture medium to
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observe their effect toward cancerous invasion
(inhibitors included SB505124, PF573228,
β-aminopropionitrile, LY294002). Experimental
models with RBED fibroblasts and RBED-cSCC
keratinocytes had cancer cells invading the dermal
equivalent, while models with normal human
fibroblasts did not. Moreover, organotypic
skin with RBED fibroblasts had significantly
stiffer matrices than normal fibroblasts. When
inhibitors such as SB505124 (TGFβ signaling) or
β-aminopropionitrile (LOX inhibitor) were used as
treatments, matrix stiffening and collagen fibril
thickness decreased, respectively, which subse-
quently decreased the invasion of cancerous cells.
This research underscored how cSCC is
invigorated by the extracellular matrix conditions
produced by RBED, bringing attention to the
relationships between different skin diseases.

Akgül et al. utilized a de-epidermized dermis
seeded with fibroblasts within the stroma and
keratinocytes on top of the papillary side of the
dermis to assess the effect of certain HPV
oncogenes on keratinocytes (Akgül et al. 2005).
In the disease models, keratinocytes were trans-
duced with pLXSN-8E7 retrovirus, which causes
the keratinocytes to produce the E7 protein of
HPV type 8. It was observed that in the trans-
duced models, keratinocytes invaded the dermis
and horn pearls were formed; the basement mem-
brane (BM) was also disrupted, and collagen VII,
a marker of the BM, was reduced. Certain extra-
cellular matrix (ECM) metalloproteinases were
upregulated and likely caused the degradation of
ECM components that were found to have normal
levels in the control groups but decreased in
experimental models. These findings highlight
HPV’s ability to induce the invasive keratinocyte
phenotype seen in squamous cell carcinoma.

A 3D organotypic model only composed of the
epidermis was used to study keratinocyte differ-
entiation (Smirnov et al. 2019). Ker-CT cells
from an immortalized keratinocyte cell line were
manually seeded on inserts and placed on culture
dishes. The samples were later exposed to
air-lifting, and the stratified epidermis then
underwent immunofluorescence analysis for
ZNF185, a protein proven necessary for
keratinocyte differentiation. The organotypic

model had observable and abundant ZNF185. In
contrast, experiments with RNAi-knockdown
of p63, a transcription factor for ZNF185,
demonstrated a significant decrease in ZNF185,
which disrupted cell-cell adhesion and tissue sta-
bility. These results helped confirm that p63 had a
direct impact on ZNF185 expression; genetic
analysis revealed that p63 serves as a transcrip-
tion factor that binds to an enhancer of ZNF185.
Such results may imply that squamous cell
carcinomas with inadequate keratinocytes
differentiated could have a loss of ZNF185
expression or function.

2.3 Basal Cell Carcinoma (BCC) Skin
Model

Compared to melanoma and SCC, BCC is gener-
ally less invasive and metastatic; BCC is thus
incorporated into 2D in vitro studies more fre-
quently than 3D organotypic models. Since
BCC cells are not propagated ex vivo (Gache
et al. 2015), most bioengineered organotypic
models used to study BCC employ other
keratinocyte cell types, often genetically altered,
as seen in the research below (Table 3).

Bigelow et al. manually formulated a 3D
organotypic BCC model consisting of a stratified
epidermis, basement membrane, and dermis
(Bigelow et al. 2005). Fibroblasts were integrated
with collagen to serve as the dermal equivalent.
HaCaT (human epidermal keratinocytes) cells
were transfected with a vector containing shh
cDNA, which codes for a protein (shh) active in
a cell signaling pathway involved in the develop-
ment of basal cell carcinoma called the sonic
hedgehog (shh) pathway (Dahmane et al. 1997).
The shh HaCaT cells were seeded onto the dermal
equivalent to form the epidermal layer. Compari-
son between control HaCaT versus shh HaCaT
experiments highlighted a few notable differences:
keratinocytes in shh models maintained cuboidal
morphology after stratification, whereas control
keratinocytes had the expected squamoid shape in
superficial layers; the shh model infiltrated the der-
mal layer, whereas the control did not; the shh
model had upregulated matrix metalloproteinase
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and cytokeratin 14 in contrast to the control. Impor-
tantly, the shh model had higher levels of EGF
(epidermal growth factor) receptor phosphoryla-
tion on serine 845 and 1068, increasing the EGFR
signal propagation. When EGF was added to con-
trol and shh models, both sets of experiments
demonstrated an increase of dermal infiltration rel-
ative to their non-EGF-treated counterparts (the
control had no invasion prior to EGF addition).
When an EGF signaling inhibitor was applied,
dermal invasion of the shh model was decreased
significantly. Overall, this research elucidated the

presence of a shh-EGF signaling pathway relation-
ship that resulted in the basal cell carcinoma phe-
notype (Bigelow et al. 2005).

Bouez et al. sought to study the importance
of lysyl oxidase (LOX) in BCC as well as
overall epidermal homeostasis and crafted an
organotypic model consisting of a stratified epi-
dermis, basement membrane, and dermis (Bouez
et al. 2006). The model was generated manually,
first by seeding fibroblasts into a chitosan-cross-
linked collagen-GAG matrix to form the dermal
equivalent. Then, either keratinocytes, wild-type

Table 3 Studies using BCC skin tissue models

Skin layer Material Cell type
Fabrication
method

Signaling
molecule/
protein

Additional
component Reference

Epidermis
Basement
membrane
Dermis

Collagen HaCaT cells
(keratinocytes)
transfected with
Shh
Fibroblasts

Manual Recombinant
EGF protein

Shh cDNA in Bill
Neo Vector
AG1478 (EGF
inhibitor)

Bigelow
et al.
(2005)

Epidermis
Basement
membrane
Dermis

Chitosan-
cross-linked
collagen-
GAG matrix

Keratinocytes
Fibroblasts
HaCat cells
(keratinocytes)
transfected with
LOX antisense
constructs

Manual Epidermal
growth factor

pcDNA3 and
LipofectAMINE (for
transfection)
β-aminoproprionitrile
(inhibitor of LOX
activity)

Bouez
et al.
(2006)

Epidermis
Basement
membrane
Dermis

Type I
collagen

Keratinocytes with
PATCHED ±
phenotype
Fibroblasts

Manual Brellier
et al.
(2008)

Epidermis
Basement
membrane
Dermis

Matrigel
Type I
collagen

NTert-1 cells
(keratinocytes)
transfected with
Gli1 or Gli2
Fibroblasts

Manual pBabePuro and
retroviral particles
β6 RNAi
SU11274 (MET
kinase inhibitor)

Marsh
et al.
(2008)

Epidermis
Basement
membrane
Dermis

Type I
bovine
collagen gel

Keratinocytes
NBCCS (nevoid
basal cell
carcinoma
syndrome)
fibroblasts

Manual Anti-SHH (Sonic
hedgehog) 5E1
monoclonal antibody
Isotype-matched anti-
cMyc 9E10
monoclonal antibody

Gache
et al.
(2015)

Epidermis
Basement
membrane
Dermis

Matrigel
Collagen

Keratinocytes
(HaCaT/NEB1/N/
Tert) transfected
with PTCH1 small
hairpin RNA
Fibroblasts

Manual PTCH1 small hairpin
RNA
SMO RNAi

Rahman
(2013)

Epidermal
mimic

Laminin-
rich
extracellular
matrix

BCC-1 cells Manual Vismodegib
Radiation

Hehlgans
et al.
(2018)
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HaCaT cells, vehicle vector HaCaT cells, or
HaCaT cells transfected with an antisense LOX
construct were seeded on top of the dermal
layer. Experimental models were treated with
β-aminoproprionitrile, an inhibitor of LOX activ-
ity. Results showed that LOX was absent from
tumor cells of BCC samples from patients but was
notably present in the stroma surrounding the
cancerous cells. In the organotypic models
treated with β-aminoproprionitrile, collagen fibers
appeared less regular in their size and shape.
Furthermore, the lamina densa, a component of
the basement membrane, was disorganized in
the presence of the LOX activity inhibitor.
β-Aminoproprionitrile was limited in that it did
not promote invasion of the keratinocytes into the
dermis. In striking contrast, the only experimental
model that exhibited invasion into the dermis was
the model incorporating HaCaT cells transfected
with an antisense LOX construct. Thus, interrup-
tion of LOX’s expression and not solely its
recognized enzymatic activity was required to
develop a BCC-infiltration phenotype, opening a
line of question to what unknown functions or
associations LOX may also have.

Brellier et al. crafted an organotypic skin
model manually, using the protocol detailed by
Bernerd et al.’s study of epidermal cancer
(Bernerd et al. 2001; Brellier et al. 2008). Brellier
et al.’s model involved a 3D construct with a
stratified epidermis, basement membrane, and
dermis. The dermal layer consisted of fibroblasts
integrated with type I collagen; the epidermal
layer for the experimental models consisted of
keratinocytes from patients with a genetic syn-
drome called nevoid basal cell carcinoma which
makes an individual more susceptible to BCC.
The patient-derived keratinocytes had a genotype
of PATCHED +/- whereas wild-type
keratinocytes had a phenotype of PATCHED +/
+. The PATCHED +/- model displayed invasion
into the dermis, unlike the control. The experi-
mental model also exhibited higher levels of lam-
inin B1 and beta-1 integrin and lower levels of
keratin 10 and loricrin. Importantly, the
PATCHED +/- model demonstrated a notable
increase in cyclin D1 (cell cycle regulator) com-
pared to the control. Interestingly, the amount of

PATCHED mRNA in the control and experimen-
tal groups were similar, so a discrepancy in
PATCHED transcriptional expression did not
explain the BCC-like phenotype of the heterozy-
gous model (Brellier et al. 2008).

Marsh et al. similarly created a 3D skin model
consisting of an epidermis, basement membrane,
and dermis by seeding fibroblasts into a 50:50
matrix of Matrigel and type I collagen (Marsh
et al. 2008). Keratinocytes retrovirally transfected
with Gli1, a transcription factor associated with
BCC development, were then seeded onto the
dermal foundation. The research sought to uncover
the impact of αvβ6 integrin toward BCC invasion
since αvβ6 is overexpressed in a more aggressive
subtype of BCC called morphoeic BCC. The Gli1-
transfected keratinocytes did indeed express αvβ6.
In transwell experiments devoid of fibroblasts,
αvβ6 did not supplement the invasion of Gli1
keratinocytes. However, with the combination of
results from transwell, co-culture, and organotypic
experiments, the indirect relationship between
αvβ6 and invasive BCC behavior was uncovered.
αvβ6 activated TGF-β1 (transforming growth fac-
tor); TGF-β1 caused fibroblasts to transition into
myofibroblasts; myofibroblasts increase HGF/SF
(hepatocyte growth factor/scatter factor); HGF/SF
signalizing promoted the infiltration of transfected
keratinocytes. The organotypic skin assisted in
understanding this sequence: in the 3D construct
where β6 RNAi was included to suppress αvβ6
expression, the transfected keratinocytes had
reduced invasion, assumingly because fibroblasts
did not become myofibroblasts. In organotypic
experiments where SU1224 (a Met kinase inhibi-
tor) was used to disrupt the HGF/SF signaling
pathway, reduced invasion was also observed.

Gache et al. developed an organotypic skin
model to study dermal-epidermal interactions of
nevoid basal cell carcinoma syndrome (NBCCS)
(Gache et al. 2015). In the experimental groups,
NBCCS fibroblasts were embedded in type I
bovine collagen gel to form the dermal equiva-
lent. Wild-type keratinocytes were then seeded
onto the dermis. Certain experiments were treated
with anti-SHH (Sonic Hedge Hog) 5E1 monoclo-
nal antibody (while the control for this group was
treated with the isotype-matched anti-cMyc 9E10
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monoclonal antibody). The NBCCS-fibroblasts
organotypic models resulted in an epidermis of
lower thickness, loss of bona fide cornified layers,
parakeratosis, increased deposition of LamininB1
and β1 Integrin, and clefts at the dermo-epidermal
junction. Interestingly, the NBCCS models also
demonstrated a substantial increase in p53, a key
feature in the suppression of keratinocyte prolif-
eration. When the organotypic skin was treated
with anti-SHH 5E1 monoclonal antibody, the
deviations from wild-type epidermis listed above
were mitigated, supporting the notion that
NBCCS fibroblasts hyper-secrete SHH and dis-
rupt the epidermis by means of the SHH signaling
pathway.

An in vitro organotypic skin model of BCC,
where fibroblasts were embedded in a Matrigel-
collagen matrix, was created using the manual
method to understand PATCHED and other per-
tinent signaling pathways (Rahman 2013). Vari-
ous types of immortalized human keratinocytes
(HaCaT, NEB1, or N/Tert) were then seeded onto
the dermis. The keratinocytes were transfected
with PTCH1 short hairpin RNA in order to sup-
press PATCHED and observe the repercussions.
Certain experiments employed SMO RNAi
meant to knockdown SMO, a protein downstream
of PATCHED in the SHH signaling pathway.
Importantly, the 3D model did not fully recreate
BCC characteristics seen in in vivo behavior.
The study led to multiple conclusions: part
of PATCHED is expressed in the nucleus,
PATCHED suppression promotes nuclear/
perinuclear SMO, and the increase in Gli1 due
to PATCHED suppression is not significantly
responsive to SMO inhibitors. These findings
corroborate that SMO-independent mechanisms
are likely involved when PTCH1 is knocked
down, resulting in the persistent BCC phenotype
despite the presence of pharmaceutical treatments
targeting SMO.

Hehlgans et al. tested a 3D colony formation
assay that provided BCC-1 cells a more
epidermis-like environment compared to 2D
plating (Hehlgans et al. 2018). The BCC-1 cells
were diluted into a laminin-rich extracellular
matrix, and certain experiments were treated
with vismodegib, a monotherapy drug that

inhibits the Hedgehog signaling pathway, as
well as radiation. Unlike the 2D models, the 3D
experiments demonstrated that vismodegib
significantly sensitizes BCC cells to radiation,
causing a higher fraction of dead cells as the
concentration of vismodegib increases. The
fabricated cancer model proved to be useful in
observing and assessing pre-clinical outcomes of
treatment combinations.

3 Discussion and Conclusion

So far, various advanced skin tissue models have
been developed to study cancer research. How-
ever, the majority of these studies have included
only one layer (epidermis) or two layers (epider-
mis and dermis), neglecting the hypodermis
despite the significant roles of adipocytes and
adipose tissue in skin cancer. For instance,
adipocytes have activated the Akt (Ser-473 and
Thr-450) signaling pathway of melanoma cells,
thereby promoting melanoma growth (Kwan
et al. 2014). Another studies showed that
de-differentiation of adipocytes into fibroblast-
like cells has been able to trigger melanoma cell
migration by activating the signaling pathway of
Wnt5a, β-catenin, and LEF-1 (Zoico et al. 2018).
As such, leveraging a fully functionalized
tri-layered skin tissue model is essential to better
understand the molecular mechanism and the
pathology of skin cancer.

In addition to cancer, adipose tissue has signifi-
cantly affected skin tissue regeneration and wound
healing. For example, a novel functional
hypodermal-dermo-epidermal tri-layered skin sub-
stitute with vascularization was proposed by
Zimoch et al. (2021). It was suggested that adipose
mesenchymal stem cell-derived adipocytes and
TGF-β1 secreted by these cells in adipose tissue
had a profound impact on the maturation and
differentiation of keratinocytes and fibroblasts as
well as epidermal morphogenesis. Monfort et al.
also observed a similar effect with hypodermis
components that promote epidermal differentiation
(i.e., differentiation of epithelial cells into mature
keratinocytes) using a tri-layered fibrin-based skin
substitute (Monfort et al. 2013).
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There are still some limitations to fabricating
a functional adipose tissue – in particular,
preadipocyte differentiation. It is substantially
difficult to induce preadipocyte differentiation
in vivo. This is because primary cells have a
limited life span. In addition, the isolation of
preadipocytes from fibroblast-like cells is another
challenge to overcome (Ntambi and Kim 2000).
Hence, adipose precursor cell lines such as plu-
ripotent fibroblasts or unipotent preadipocytes
have been adopted for the differentiation of
preadipocytes into adipocytes due to the stability
and unlimited passage as an in vitro model. How-
ever, there is still difficulty differentiating
preadipocytes into adipocytes due to the suscep-
tibility of adipocytes to in vitro skin tissue, and
inconsistent viability by nature (Zimoch et al.
2021). Forming vascular networks in the
engineered tissue is also pivotal for cancer
modeling. The absence of vascularization in the
tissue is known as a major reason for the failure of
the transplant of engineered skin tissue (Miyazaki
et al. 2019). However, vascularization is a chal-
lenging part in the field of tissue engineering
(Auger et al. 2013). In particular, replicating
simultaneous vascularization and adipogenesis
in 3D scaffolds is extremely difficult. Prior stud-
ies showed that human microvascular endothelial
cells (HMVEC) or human umbilical vein endo-
thelial cells (HUVEC) could be useful for
recapitulating a more complex tumor microenvi-
ronment with vasculature (Laschke and Menger
2016). Another recent study by Zimoch et al.
showed a successful development of
prevascularized tri-layered skin substitutes and
implanted them in mice for the first time (Zimoch
et al. 2021). Moreover, the majority of research
using in vitro tumor models has been focused on
the interaction between the tumor and its micro-
environment, whereas few studies have been
performed on understanding a tissue-specific
microenvironment (Bourland et al. 2018). In
addition to these limitations, understanding
tumor heterogeneity in terms of mutations, and
selecting appropriate biomaterials and model
designs are enormous hurdles to be addressed
(Unnikrishnan et al. 2021).

Over the last decades, skin cancer incidence
has rapidly increased by repeated and unprotected
skin exposure to ultraviolet (UV) rays from
sunlight. As such, developing a functional full-
thickness tri-layered 3D skin model is needed to
predict more accurate cancer cell behavior as well
as drug screening and efficacy. Future treatments
for skin cancer may be significantly impacted and
developed by the use of these 3D cancer models
for personalized medicine.
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