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3D Cell Migration Chip (3DCM-Chip): A New Tool toward
the Modeling of 3D Cellular Complex Systems

Silvia Buonvino, Davide Di Giuseppe, Joanna Filippi, Eugenio Martinelli, Dror Seliktar,
and Sonia Melino*

3D hydrogel-based cell cultures provide models for studying cell behavior and
can efficiently replicate the physiologic environment. Hydrogels can be
tailored to mimic mechanical and biochemical properties of specific tissues
and allow to produce gel-in-gel models. In this system, microspheres
encapsulating cells are embedded in an outer hydrogel matrix, where cells are
able to migrate. To enhance the efficiency of such studies, a lab-on-a-chip
named 3D cell migration-chip (3DCM-chip) is designed, which offers
substantial advantages over traditional methods. 3DCM-chip facilitates the
analysis of biochemical and physical stimuli effects on cell migration/invasion
in different cell types, including stem, normal, and tumor cells. 3DCM-chip
provides a smart platform for developing more complex cell co-cultures
systems. Herein the impact of human fibroblasts on MDA-MB 231 breast
cancer cells’ invasiveness is investigated. Moreover, how the presence of
different cellular lines, including mesenchymal stem cells, normal human
dermal fibroblasts, and human umbilical vein endothelial cells, affects the
invasive behavior of cancer cells is investigated using 3DCM-chip. Therefore,
predictive tumoroid models with a more complex network of interactions
between cells and microenvironment are here produced. 3DCM-chip moves
closer to the creation of in vitro systems that can potentially replicate key
aspects of the physiological tumor microenvironment.
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1. Introduction

Cellular in vitro models of tissues and or-
gans are simplified surrogates with respect
to real human tissues, which have yet lim-
ited use in clinical diagnosis and drug de-
velopment due to their high costs and fail
to provide a comprehensive and predictive
screening platform comparable to the ge-
netic variability of the in vivo systems.[1–4]

Another relevant problem related to in vitro
systems is the reproducibility of the mi-
croenvironment of cell niches.[5] Therefore,
the optimization of 3D cell culture sys-
tems which, compared to 2D cultures, more
closely mimic the in vivo conditions, is of
crucial importance in cell biology and for
pharmaceutical approaches. Recent techno-
logical advances in materials design and 3D
cell culture systems have led to the con-
trol of complex cellular interactions, such as
cell-cell and cell- biomaterial.[6–11] Thanks to
gelling processes compatible with cell sur-
vival, it is now possible to create scaffolds
that mimic the extracellular matrix (ECM)
and the 3D physiological environment,
providing the optimal conditions for the

creation of 3D growth systems of both stem and tumor cells. A
relevant study target in cancer- and stem cell-based systems is
cell migration or invasiveness. In general, cell migration is stimu-
lated and directed by the interaction of cells with the ECM, neigh-
boring cells, or chemotactic and physical agents. For instance,
cell migration has crucial relevance in almost all morphogenic
processes during embryogenesis, ranging from gastrulation to
neural development. Moreover, in the adult organism, cell mi-
gration contributes to physiological and pathological conditions
and it is essential for the development of therapies that influence
wound healing, inflammation, and tumor metastases.[12] Finally,
the mechanisms of migration can be understood by analyzing the
response to modulator molecules (inhibitors or activators) of cell
migration. Cell migration is a cyclic process, in which a cell ex-
tends its protrusions in its front, it is stabilized by the formation
of adhesive complexes and then retracts at the rear end, allowing
the cell to advance onto its substrate. Therefore, the integration
of signaling events and changes in cellular architecture are re-
quired, and both, the cell-substrate adhesiveness and the 3D cell
environment play a significant role in determining the migration
type and rate.[13,14]
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Consequently, the synthesis and optimization of biomaterials
and the fabrication of new devices for quantifying and visualizing
cell migration/invasion have become central to research in the
life sciences. In vitro models that evaluate the efficacy of poten-
tial new drugs must be designed for specific cell behaviors. Sev-
eral methods have been developed to study cell motility from the
wound healing test with scratching into a 2D cell monolayer,[15,16]

to the Boyden chamber test, also known as the trans-well mi-
gration assay,[17] and to new generation devices, named lab-on-
a-chip.[18–26] However, some of these methods do not allow to
have a good 3D system, a specific control on the substrate surface
chemistry, and/or a correct mimic of the cellular microenviron-
ment. Recently, a 3D gel-in-gel system, based on a polyethylene-
glycol-fibrinogen instead of PEG-fibrinogen (PEGDA-fibrinogen)
hydrogel (PFHy), was developed by Ivanir et al. using fibroblasts
and tumor cells to evaluate their invasive power.[27] The study of
cell migration in the 3D gel-in-gel system consists of a hydrogel
sphere (inner gel) containing cells at a well-defined cell density,
which is embedded into an external gel (outer gel) with a lower
Young’s modulus, in order to promote the migration of cells from
the sphere. The outer gel may also contain biochemical factors or
drugs whose effects on cell migration are to be studied. PFHy was
widely used for several cell lines[28–32] and it has been used for the
easy production of tunable microspheres with control over rheol-
ogy and cell density.

Microspheres of cells are produced by embedding cells in
PFHy by cross-link formation of a precursor solution following a
radical photopolymerization reaction.[28,33] Subsequently, the gel
spheres are placed in the precursor solution of the outer gel, and
the polymerization of the latter is carried out inside the multi-
well. The chemical composition and biological nature of the two
gels, as well as their relative positioning, provide a framework
for creating intricate spatiotemporal scenarios with living cells
in situ. The driving force of the system is the innate motility of
the cells which leads them to invade the external gel at different
speeds and with different motility mechanisms.[27] It is the mod-
ulation of the properties of the external hydrogel and the conse-
quences on cell motility that provide a quantitative response to
potential therapeutic treatments.

Here we have optimized this gel-in-gel assay, improving its
feasibility. A lab-on-a-chip, named 3DCM-chip,[34] was designed
and optimized using a microfluidic system, offering many ad-
vantages compared to the traditional methods. Several analyses
were here performed in order to demonstrate that 3DCM-chip
provides a smart platform to analyze the effects of chemico-
physical stimuli on migration/invasion of different cell types,
such as mesenchymal stem cells, fibroblasts, and tumour cells,
and to allow easier development of more complex co-culture sys-
tems. Cellular invasion of triple-negative breast cancer cells of
the MDA-MB 231 cellular line was here studied, analyzing the
effects of the presence of other cellular lines using co-cultures
with normal human dermal fibroblasts (NHDFs), mesenchymal
stem cells (MSCs) and human umbilical vein endothelial cells
(HUVECs), in order to create predictive tumoroids models tak-
ing into account the network of interactions between cancer cells
and tumor microenvironment (TME), which is an indispensable
element for a deep and complete understanding of the tumor dis-
ease. The ease of use of our device can also suggest its possible ap-

plication to develop new antitumor therapeutic approaches, such
as cell- and physical-therapy.

2. Results and Discussion

2.1. 3D Cell Migration Chip: A New Tool to Study 3D Cell
Migration; Design and Production of 3DCM-Chip

The development of the 3DCM-chip[34] is based on the experi-
ence gained from small-scale gel-in-gel assays.[27] This microflu-
idic device is designed to simplify and enhance the reproducibil-
ity of the gel-in-gel system’s preparation. It also allows for the
use of smaller quantities of cells and expensive reagents, reduc-
ing resource requirements. 3DCM-chip consists of a poly-styrene
base at the bottom and upper layers made from extruded and
cast poly(methyl methacrylate) (PMMA). PMMA is a biocompati-
ble material that provides excellent transparency for microscopic
analysis of samples and effectively prevents the permeation of
small molecules. In Figure 1A–C the schematic representation
of the components of the chip and the digital images of the im-
plemented system are shown.

To facilitate the in situ polymerization of cell spheres, the
precursor gel solution can be dropped onto a removable super-
hydrophobic surface at the bottom of the well. This removable
super-hydrophobic surface can take various forms and exhibit dif-
ferent levels of hydrophobicity, depending on the type of polymer
used. For instance, it may consist of a nano-structured plastic
polymer like polydimethylsiloxane (PDMS) and,[35] when using
hydrophilic gel precursor solutions, such as (PEG-protein hydro-
gels, this ensures a perfectly spherical deposition of the solution,
which can then be polymerized using UV photo-polymerization.
The chip allows for the easy generation of inner gel spheres (0.4–
2 mm in diameter) with volumes ranging from 1 to 5 μL using
micro-pipettes (Figure 1D). Depending on the desired size of the
spheres, external gels can be produced with volumes between 50
and 100 μL. Furthermore, the 3DCM-chip supports the creation
of gel-in-gel structures using various types of both thermal and
photo-polymerizable polymers, including agarose, gelatin, and
PEG-based hydrogels. This versatility makes it a valuable tool for
conducting controlled experiments in the context of 3D cell mi-
gration studies and other related research.

The 3DCM-chip represents a significant advancement in the
field, as it greatly facilitates and enhances the preparation of the
system, making it highly reproducible for operators. It allows for
the use of smaller quantities of cells and reagents, which are of-
ten expensive. Additionally, it incorporates a removable superhy-
drophobic nanostructured surface to optimize the in situ produc-
tion of cellular microspheres. One particularly critical aspect of
the process, in fact, involves creating the microspheres on plates
with functionalized surfaces (e.g., Aerosil). These spheres must
be then transferred to multi-plates or dishes where the outer gel
is polymerized. This represents a crucial step with the possibil-
ity of damaging or fragmenting the spheres, resulting in sample
loss. The 3DCM-chip streamlines these operations, making them
more manageable and significantly reducing the risk of sample
damage. This not only improves the quality and integrity of the
samples but also optimizes costs, analysis times, and the overall
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Figure 1. Design and production of the 3DCM-chip. A) CAD drawing and sliced view of the 3DCM-chip; B) schematic representation of the chip consti-

tuted by: an inner well containing the gel-in-gel system ( P d = 5 mm vol. 98 μL h = 5 mm), an outer well (vol. 60 μL) containing the culture

medium ( S vol. 1.2 mL), the bottom-channel (1 0.5 × 0.15 mm) for washing the cell microsphere ( inner gel with cells

1–5 μL) previously produced in situ on a removable super-hydrophobic surface ( ) (3), and the upper channel (2 0.5 × 0.15 mm) for
removing the medium once the gel-in-gel system is prepared; C) digital photographs of the 3DCM-chip; D) brightfield micrographs of the gel-in-gel
systems with cell spheres NHDFPF, cMSCPF and MDAPF. Scale bars are of 100 μm.

experimental reproducibility, making it a valuable tool for re-
searchers in various fields.

The validation of the chip for testing cell migration in the gel-
in-gel system (Figure 2A) was carried out with different cell types,
including human cardiac mesenchymal stem cells (cMSCPF),
normal human dermal fibroblasts (NHDFPF) and MDA-MB 231
breast cancer cells (MDAPF), as shown in Figure 2B. Interest-
ingly, under the same experimental conditions, these types of cell
lines exhibited different behaviors.

Specifically, MDAPF demonstrated pronounced cell invasion
into the outer gel, while NHDFPF showed a less invasion ability.
NHDFPF showed less invasion compared to breast cancer cells.
The protrusions length after day 6 of culture was 154.8 ± 42.4 μm
calculated by ImageJ software (collecting 12 measurements for
each biological replica). The quantitative analysis of the cell mi-

gration can be performed by measuring the size of the circular
crown around the cell sphere using the following equation:[27]

migration index =
𝜋∗

(
R2

average − r2
average

)sample

𝜋∗
(

R2
average − r2

average

)control
(1)

where R is the average of final radius and r is the average of ra-
dius at time 0. Using this analysis, the migration index of cells of
NHDFPF spheres compared to the MDAPF migration (as con-
trol) was 0.4967 ± 0.0752 (± S.D.).

Notably, cMSCPF after 5 days of growth did not exhibit any
invasion into the outer gel (Figure 2B). This observation high-
lights the distinct migratory capabilities of these different types
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Figure 2. 3DCM-chip for assessing the invasion of different cell types in the gel-in-gel system. A) Schematic representation of the gel-in-gel system;
B) brightfield micrographs of PFHy cell microspheres cMSCPF, NHDFPF and MDAPF and their invasion in the outer gel over time. Experiments were
performed in four biological replicates. Scale bars are of 100 μm.

of cell lines in the 3DCM-chip system. The differences in the be-
havior are linked to specific protein expression patterns unique
to each of the examined cell lines. The implementation and op-
timization of this system could in the next future lead also to
the production of an in vitro organotypic model of the stem
niches, where adult stem cells (ASC) are found. In fact, it is re-
ported that ASCs are present in specific niches with a biochem-
ically controlled microenvironment, which have the function of
maintaining cell plasticity in adult life and to limit the processes
of differentiation.[36] In these niches, whose presence has been
found in numerous tissues and organs of the adult individual,[37]

such as the endothelium, skeletal and cardiac muscle, liver, and

cornea, the ASCs remain confined and relatively quiescent until
reactivated by damages or diseases.

Therefore, the mimesis of these niches in the 3DCM-chip may
be optimal for studying the biochemical mechanisms responsi-
ble for stem cell migration and reactivation in tissue repair and
regeneration.

Currently, tumor-on-a-chip are promising platforms to facil-
itate the development of cancer therapies and,[38] in this con-
text, the 3DCM-chip can be used as a tool for the analysis of
the action of potential inhibitory or stimulatory drugs on can-
cer cell invasiveness. Moreover, 3DCM-chip could be used with
different types of spheroids obtained with or without hydrogels.
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Preliminary gel-in-gel assays have been also performed using
spheroids without hydrogel, directly obtained in the 3DCM-chip
(data not shown). Experimental studies are also in progress with
other photopolymerizable hydrogels in order to have a wider dif-
fusion of our device.

Given the importance of the physiological role of hydro-
gen sulfide (H2S), in recent years, many studies have been fo-
cused on exploring the potential use of exogenous H2S donors
for treating diseases associated with both reduced endogenous
H2S levels and the activation of oxidative and pro-inflammatory
processes. Slow-releasing H2S donors have displayed signifi-
cant therapeutic potential, and some are currently undergoing
clinical investigation for the treatment of cardiovascular,[39,40]

neurodegenerative,[41,42] and gastrointestinal pathologies,[43,44]

and of cancer.[45–48] H2S-releasing donors have also been shown
to reduce the viability and migration of breast cancer cells in
2D cell cultures.[48–52] In our recent studies the cell invasive-
ness of tumoroid of the MDA-MB 231 breast cancer cell line
has been also studied using the gel-in-gel assay and the 3DCM-
chip (here described in detail).[53] We observed an increased cell
invasiveness in the presence, in the cell culture medium, of a
glutathionylated garlic extract (GSGa), which is a slow-releasing
H2S-donor,[28,49,54,55] at a concentration releasing 17.0 μm of H2S
and an inhibition only at higher concentration (34.0 μm of H2S).
Although the molecular mechanism is not completely known,
the up-regulation of the cyclin D1 and the increase of the acti-
vation of ERK1/2 were observed after treatment at low concen-
tration of H2S-donor in the 3D cellular models.[53] These results
showed the great potential of the 3DCM-chip as a platform for
drug testing in more in vivo-like cellular models.

2.2. Toward the Mimesis of TME: Cell Co-Culture Systems in the
3DCM-Chip

2.2.1. 3DCM-Chip of Co-Cultures for Monitoring the Effects of
Diffusible Biochemical Stimuli

In our quest to enhance the reliability of our 3D hydrogel-based
tumoroid models, we harnessed the advantages provided by the
3DCM-chip. This innovative platform enabled us to create more
sophisticated cell co-culture systems with the capacity to better
mimic the intricate features of the physiological TME. 3D co-
culture systems in PFHy were used to investigate the impact of
fibroblasts, which are essential components of the TME, on the
invasiveness of breast cancer cells of the MDA-MB 231 cell line.

Different experimental setups were used in order to analyze
the effects on the cancer cell invasion due to diffusible biochem-
ical factors. First, we analyzed the compartmentalization of the
cells reducing the physical interactions between the different cell
types. MDAPF sphere was cultured into an outer gel in which
was present an NHDFPF or an MDAPF sphere (Figure 3A). In
this scenario, MDA-MB 231 cell migration was assessed.

The cell invasion after one and 6 days of culture was evaluated
(Figure 3B) and an increased migration of cells in the MDAPF
sphere was observed only in the case of the presence of two
MDAPF spheres, on the contrary, any increase was observed in
the presence of the NDHFPF sphere at the investigated times.

Consistently, the same experiment was performed by cultur-
ing a mCherry/MDAPF sphere with a GFP/NHDFPF sphere or
with another mCherry/MDAPF sphere in the same outer gel
(Figure 3C). A significant increase in the migration index after 5
days of cell culture was observed only in the presence of the two
mCherry/MDAPF spheres in the same outer gel. In Figure 3D,
the cell migration index is shown.

It is not possible to have the spheres always at the same dis-
tance in different experimental replicates. However, this exper-
imental variability in the distance between spheres may not be
so relevant in the total effect observed considering the very small
volume (98 μL), the highly diffusible soft material such as hydro-
gel, the long times for each experiment, and the experimental
replicates.

Accordingly, no increase in MDAPF invasion was also ob-
served when the fibroblasts were seeded on the bottom of the
inner well as described in Figure 4A. In this case was observed
a little reduction of the invasion of the MDAPF in the exper-
iments performed with both normal or fluorescent cells (see
Figure 4B,C). In Figure 4D the migration index is reported. This
finding probably was due to a high cell proliferation of the fibrob-
lasts on the bottom and a consequent release of the factors that
increase the oxidative stress.

2.2.2. 3DCM-Chip of Co-Cultures for Monitoring the Effects of
Biochemical and Physical Stimuli

In order to assess the possible relevance of major physical inter-
actions between the different cell types and the synergic action
of chemical and physical changes of the microenvironment in
increasing the invasiveness of the MDAPF, the following condi-
tions were assessed. In Figure 5A is shown the scheme of the
condition in which the MDAPF sphere was embedded in outer
gel with NHDFs.

In this case, a significant increase in the invasiveness of the
cancer cells, ≈50% increase, was observed with respect to the
condition in the absence of the fibroblasts in the outer gel
(Figure 5B–D). In Figure 5B, a Hoechst 33342 live cell staining
of the MDAPF sphere before its inclusion in the outer gel was
performed. The observed increase in invasiveness could be ex-
plained by a substantial change, both chemical and physical, in
the cellular environment. The presence of NHDFs in the external
gel, in fact, could lead to proteolytic digestion of the external PF,
driven by the release of metalloproteases (MMPs) from fibrob-
lasts, resulting in a stiffness reduction and in the formation of
an external gel with a molecular composition, which more closely
resembles the ECM (e.g., higher presence of fibronectin), such as
also demonstrated in other studies.[56–58]

The subsequent condition analyzed is in Figure 6A, where
the cancer cells were in direct contact with the fibroblast.
mCherry/MDA-MB 231 cells were embedded within the same
sphere with GFP/NHDFs (Figure 6A,B).

This resulted in the formation of multi-cellular sphere (MDA-
NHDFPF), which was then embedded into the outer gel. The in-
vasion of cancer cells was monitored over time and compared
to the situation where fibroblasts were absent. Interestingly, the
presence of fibroblasts had a significant impact on outgrowth of
MDA-MB 231 cells in these systems (Figure 6B and Video S1,
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Figure 3. Effects of another MDAPF or of NHDFPF on the MDAPF tumoroid invasion. A) Schematic representation of the MDAPF in the gel-in-gel
configuration with another MDAPF or with a NHDFPF embedded in the outer gel; B) brightfield micrographs and C) confocal micrographs of MDAPF
invasion over time in the absence and in the presence of MDAPF (MDAPF + MDAPF) or of NHDFPF (MDAPF + NHDFPF). Cell density of spheres was
4 × 104 cells μL−1. D) The cell migration index for each type of experiment after 6 days of cell cultures was calculated by three independent experiments.
Error bar indicates S.D. *p-value ≤ 0.05 calculated using One-way ANOVA test. Scale bars are of 100 and 200 μm.

Supporting Information). The migration index calculated after 4
days of cell culture showed a substantial increase of 50% in breast
cancer cells outgrowth in the presence of fibroblasts compared to
the situation without fibroblasts (Figure 6C,D). Through a care-
ful analysis of the fluorescence images obtained over time, it is
also possible to observe that the presence of tumor cells leads to a
significant reduction in the migration of NHDF within the exter-
nal gel. Conversely, these NHDF cells exhibit a greater tendency
to form a more compact sphere centrally. This compact cellular
structure at the center of the MDA-NHDFPF sphere could in-
deed result in an internal increase of the stiffness, promoting the
migration of tumor cells into the external gel. This speculation
may be in agreement with the increase of the cancer cell invasive-
ness observed in breast cancer with microcalcifications,[53,59–61]

and also with stromal fibrosis observed in most lung, breast, and
pancreatic carcinomas.[62–66]

These experiments using 3DCM-chip shed light on the dy-
namic interactions between cancer cells and fibroblasts within
the TME, furthering our understanding of the complex interplay
in this microenvironment.

These findings indicate that the presence of fibroblasts,
whether in the inner or outer gel, leads to an increase in tumor
cell invasiveness. This aligns with existing literature, which re-
ports that the presence of fibroblasts in the TME exerts a pro-
invasive effect on tumor cells in various cancers.[67–70] This in-
creased motility is likely attributed to a combination of biochem-
ical and mechano-physical factors, with the latter being related to
matrix remodeling and compositional changes promoted by the
fibroblasts. It has been demonstrated that in the TME the fibrob-
lasts transform into Cancer Associated Fibroblasts (CAFs), which
are activated fibroblasts known to have a pro-invasive influence
on tumor cells.[71,72] These findings offer valuable insights into
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Figure 4. Effects of 2D seeded NHDFs on the MDAPF tumoroid invasion. A) Schematic representation of the MDAPF in the gel-in-gel configuration
with NHDFs seeded on the bottom of the well; B) brightfield micrographs and C) confocal micrographs of MDAPF (cell density of 4 × 104 cells μL−1)
invasion over time in the absence and in the presence of NHDFs (MDAPF + NHDF), NHDFs seeded at a cell density of 2 × 104 cells cm−2; D) migration
index after 6 days of cell culture was calculated by three biological replicates. Error bar indicates S.D. *p-value ≤ 0.05 calculated using t-test. Scale bars
are 100 and 200 μm.

the complex interactions within the TME and the role of fibrob-
lasts in influencing tumor cell behavior.

2.3. CAFs Trans-Differentiation of NHDFs Induced by MDAPF

In light of our previous observations, we performed a deep anal-
ysis to assess whether fibroblasts within our model underwent
trans-differentiation into CAFs when exposed to breast cancer
cells. The CAF transformation, in fact, can contribute to the pro-
motion of tumor invasion as described in several studies.[73,74]

CAFs promote tumor progression, ECM remodeling, inflamma-
tion, chemoresistance, and immunosuppression.[75–77]

The specific origin of different subtypes of CAFs in breast can-
cer is not fully understood although it is reported that tumor-
secreted factors are crucial in controlling CAF-precursors’ differ-
entiation in CAFs.[78]

Recently, some emerging studies have described the biology,
origin, and function of CAFs and how their targeting is being ex-

plored to improve the outcome of anti-cancer therapies, although
targeting CAFs results are particularly challenging, due to the ex-
tremely heterogeneous nature of these cells. Therefore, to explore
the hypothesis that fibroblasts underwent trans-differentiation
into CAFs when exposed to MDAPF, we seeded NHDFs onto a
tissue culture plate and co-cultured them for 1 week in the pres-
ence of MDAPF.

In Figure 7A is shown the crystal violet staining of the NHDFs
cultured in the presence and in the absence of MDAPF. NHDFs
cultured in the presence of MDAPF show an altered dimen-
sion with a more elongated and spindled cell morphology. This
morphology is typically associated with a CAF-like phenotype.[79]

Therefore, the expression of the protein 𝛼-smooth muscle actin
(𝛼-SMA), one of the primary biomarkers of CAFs,[80–84] in NHDFs
cultured for 4 days in the presence of MDAPF was assessed.
By immunofluorescence analysis, it was evident that NHDFs
grown in the presence of tumor cells, especially in close proximity
to the sphere, exhibited higher 𝛼-SMA protein expression com-
pared to NHDFs cultured in isolation (Figure 7B and Figure S1,

Adv. Healthcare Mater. 2024, 2400040 © 2024 Wiley-VCH GmbH2400040 (7 of 14)
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Figure 5. 3DCM-chip for analyzing the effects of NHDFs on the MDAPF tumoroid invasion. A) Schematic representation of the MDAPF in the gel-in-gel
configuration with NHDFs embedded in the outer gel; B) fluorescence micrographs of the invasion of MDAPF pre-stained with Hoechst 33342 (staining
of the nuclei of live cells), in the absence and in the presence of NHDFs in the outer gel (NHDFs embedded at a cell density of 2 × 104 cells μL−1); C)
confocal micrographs of MDAPF invasion over time in the absence and in the presence of NHDFs in the outer gel; D) cell migration index after 5 days
of cell culture evaluated by four independent biological replicates. Error bar indicates S.D. ****p-value ≤ 0.0001 calculated using t-test. Scale bars are
100 and 200 μm.

Supporting Information). This observation was corroborated by
quantitative protein expression evaluation using western blot
analysis (Figure 7C). Furthermore, a statistically significant in-
crease in the expression of cyclin D1 and of the active form of
Akt protein (p-Akt) (protein kinase B) was detected in NHDFs
co-cultured with MDAPF (Figure 7C). This finding aligns with
recent research indicating that stromal cancer-associated fibrob-
lasts express high levels of cyclin D1 in vivo.[85] Therefore, the
increase in invasiveness of MDAPF tumor cells, observed in the
presence of NHDFs either in the outer or inner gel, can be ex-
plained by a transformation of NHDFs into CAFs combined with
the subsequent chemical-physical remodeling of the TME.

CAFs are reported to release a range of substances, includ-
ing metalloproteinases like MMP2 and MMP9, which contribute
to the remodeling of the ECM.[86] Additionally, CAFs release
growth factors and cytokines such as C-C motif chemokine lig-

and 7 (CCL7), transforming growth factor beta (TGF𝛽), and stro-
mal cell-derived factor 1 (SDF-1). These molecular signals collec-
tively play a significant role in promoting various aspects of tu-
mor behavior, including proliferation, spreading, aggressiveness,
and angiogenesis.[87–92] Recognizing these intricate dynamics is
essential for the development of precise and targeted therapeutic
approaches in the treatment of cancer. By gaining insights into
how CAFs and their secreted molecules influence the TME, it
is possible to identify potential therapeutic targets to arrest the
progression of cancer and enhance the effectiveness of treatment
strategies.[76,93]

Therefore, the results here reported are consistent with exist-
ing literature,[67–70,94] validating our 3D co-culture systems as re-
liable in vitro models capable of potentially recapitulating impor-
tant aspects of the cross-talk between cancer cells and stromal
cells in their microenvironment in vivo.

Adv. Healthcare Mater. 2024, 2400040 © 2024 Wiley-VCH GmbH2400040 (8 of 14)
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Figure 6. 3DCM-chip: effects on MDA-MB 231 cells invasion in MDA-NHDFPF system. A) Schematic representation of the tumoroid embedding MDA-
MB 231 cells and NHDFs, in the gel-in-gel configuration; B) confocal micrographs of the MDA-MB 231 cells and NHDFs tumoroid (MDA-NHDFPF)
invasion over time (cell density of MDA-MB 231 and of NHDFs of 2 × 104 cells μL−1); C) mCherry/MDAPF invasion over time without NHDFs; D) cell
migration index after 4 days of cell culture and linear regression of the differences between the sphere diameters (Δd (df − di)) measured over time for
the MDAPF tumoroid in the presence and in the absence of NHDFs. These results are obtained by three independent biological replicates. Error bar
indicates S.D. ***p-value ≤ 0.0005 obtained by t-test. Scale bars are of 200 μm.

2.4. More Complex 3D Systems: MDA-MSCPF with NHDFs and
HUVECs in the Outer Gel

Finally, we assessed the potentiality of the 3DCM-chip in the anal-
ysis of more complex systems. In Figure 8A is shown the scheme
of the analyzed condition, where a sphere with cancer and mes-
enchymal stem cells (MDA-MSCPF) was produced and embed-
ded into an external gel with both HUVECs and NHDFs.

This 3D cellular model could better simulate the physiologic
condition and allow to analyze the effects of several cells in 3D
more complex systems. In agreement with the case shown in
Figure 5, the cancer cells of the MDA-MSCPF sphere were more
able to invade the outer gel (Figure 8C) and the presence of MDA-
MSCPF sphere stimulated the formation of tubular constructs of
HUVECs (Figure 8D) that were not obtained in the absence of the
sphere (Figure 8E). The formation of these microvascular struc-
tures opens the way to investigate the pro-angiogenic activity of
the cancer cells using this platform.

The microvascular formation was 4.5 mm in length with a di-
ameter of 150 μm. Moreover, from a careful analysis of the cel-

lular construct, it is also possible to highlight the presence of
mCherry/MDA-MB 231 cells within the tubular structure formed
by GFP/HUVECs after 6 and 7 days of cell growth (Figure 8D).

A critical step of the tumor progression is the intravasation of
the cancer cells, which cross endothelial barriers to enter the cir-
culatory or lymphatic systems leading to metastatization.[92,95,96]

Understanding and targeting the mechanisms involved in in-
travasation could be pivotal in developing strategies to impede
or control the metastatic spread of cancer.

These preliminary studies demonstrate that our platform
could allow to create models for evaluating not only the rate of
cell migration and growth, but also the angiogenic potential and
the intravasation of a tumor.

3. Conclusions

Here, the design, production, and potential applications of the
3DCM-chip for the gel-in-gel cell migration/invasion assay have
been described. This device offers a range of advantages and pos-
sibilities for the study of cell migration/invasion in dependence

Adv. Healthcare Mater. 2024, 2400040 © 2024 Wiley-VCH GmbH2400040 (9 of 14)
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Figure 7. NHDFs activation to CAFs by co-culturing with MDAPF tumoroid. A) Brightfield micrographs of NHDFs (seeded at a cell density of 104

cells cm−2) in the absence and in the presence of MDAPF (cell density of 104 cells μL−1) after 7 days of cell co-culture, stained with crystal violet; B)
fluorescence micrographs of NHDFs grown in the absence and in the presence of MDAPF for 4 days. Cell nuclei are stained with Hoechst 33342 and
𝛼-SMA is stained in green. Scale bars are of 100 and 50 μm; C) p-Akt, 𝛼-SMA, and Cyclin D1 expression assessed by western blot analysis of NHDFs
cultured with and without MDAPF for 3 days. Blots are representative experiments of three biological replicates. ImageJ software was used to perform
the densitometric analysis of the protein bands. Error bars indicate S.D. *p-value ≤ 0.05, **p-value ≤ 0.01 calculated using t-test.

on chemical and physical changes of the microenvironment and
to analyze in detail the effects of different cells in complex co-
culture systems. The key benefits and features of our innovative
microfluidic device can be summarized here: i) 3DCM-chip pro-
vides a 3D system for studying cell migration and invasiveness,
allowing for better mimicry of physiological conditions; ii) it uses
micro-quantities of cells and reagents, which not only reduces
costs but also makes the system more practical and user-friendly
(see Video S2, Supporting Information); iii) it enhances experi-
mental reproducibility, ensuring consistent results across differ-
ent trials; iv) the chip’s design allows for easy media changes,
washing, solution replacements, and the addition of compounds
or drugs. Channels within the chip facilitate these processes with-
out risking damage to the system; v) the internal well’s surface
can be easily modified to become super-hydrophobic, making
the device suitable for various types of polymers; vi) the trans-
parency of the chip’s polymer material enables cellular micro-
scopic analyses, including optical microscopy and fluorescence
microscopy. This ensures quick and accurate observations with-
out sample alterations during preparation; vii) it allows to per-

form biochemical assays and western blotting analyses and si-
multaneous study of multiple replicates, which is crucial for sta-
tistical evaluation; viii) the chip is designed in a way that makes
it compatible with “multiplates” allowing for scalability and in-
creased throughput; ix) 3DCM-chip can be realized through vari-
ous additive/subtractive manufacturing techniques, offering flex-
ibility in its production; x) super-hydrophobic materials can be di-
rectly applied to the chip, further enhancing its capabilities and
versatility; xi) finally, this device can be useful to perform co-
culture systems, as here demonstrated, and to better study the
TME. There is a lack of studies that specifically delve into unrav-
eling the metastatic behavior of the different cancer types, and
additional efforts are needed to comprehend and reproduce the
key components of the TME in the different tumors.

Further, implementation and optimization of this device could
also lead in the next future to the production of an in vitro organ-
otypic model of the stem niche, where adult stem cells (ASCs)
are found. In these crypts, whose presence has been found in
numerous tissues and organs of the adult individual, such as
the endothelium, skeletal and cardiac muscle, liver, and cornea,

Adv. Healthcare Mater. 2024, 2400040 © 2024 Wiley-VCH GmbH2400040 (10 of 14)
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Figure 8. 3DCM-chip for the modeling of more complex systems: MDA-MSCPF with NHDFs and HUVEC cells embedded in outer gel. A) Schematic
representation of the tumoroid embedding mCherry/MDA-MB 231cells and MSCs, in the gel-in-gel system with NHDFs and GFP/HUVECs in the outer
gel; B) confocal micrographs of the mCherry/MDA-MB 231cells and MSCs tumoroid (MDA-MSCPF) at day 0 with GFP/HUVECs and NHDFs in the outer
gel; C) confocal micrographs of the MDA-MSCPF invasion over time; D) vessels-like structures formation after 6 days of cell culture and intravasation
of tumor cells inside the vessels; E) confocal micrographs of GFP/HUVECs and NHDFs cells, with a cell density of 85 × 103 cells mL−1 and 17 × 103

cells mL−1 respectively, cultured in PFHy using the composition of the outer gel at day 0 and after 7 days of growth. Micrographs are representative of
three independent biological replicates. Scale bars are of 50, 100, 200, and 500 μm.

the ASCs remain confined and relatively quiescent until reacti-
vated by damages or diseases. Therefore, 3DCM-chip may allow
the exploitation of the gel-in-gel assay, until now used only in
the context of cancer investigation, also in the field of regenera-
tive medicine, creating in vitro models for investigating physico-
chemical stimuli effects on stem cells migration ability during
stem cells delivery and transplantation in the host damaged
tissue.

4. Experimental Section
3DCM-Chip Fabrication: The 3DCM-chip has been created as de-

scribed in the Italian patent.[34] Briefly, the realization of the chip has been
carried out using polystyrene combined with extruded and cast PMMA, an
optimal material to give the chip a good transparency in order to be able
to carry out subsequent microscopic analyses. The chip was character-

ized by microfluidics systems able to facilitate and make the preparation
of the system by the operator extremely reproducible, allowing also the
use of smaller quantities of cells and reagents that were usually very ex-
pensive. The chip was made of an internal well that contains the gel-in-gel
system, a removable nanostructured super-hydrophobic surface,[35,53] and
two channels: a bottom channel for washing the cellular microsphere (in-
ner gel with cells) and removing the cells not included in the microsphere;
an upper channel for washing the gel-in-gel system, and the external well
containing the culture medium. The chip was designed in Autodesk Inven-
tor and fabricated with a laser cut machine (Trotec Laser GmbH, Austria).
The layers were aligned together with a custom aluminum holder and as-
sembled with a double-sided adhesive (467 MP transfer tape 3M Maple-
wood, US) by pressing at 100 bar for 3 min with a hydraulic press (Beta
3027-10, Beta Utensili s.p.a.).

Cell Cultures and Cell PF Spheres Production: The following cell lines
were used: human cardiac Sca-1+ Lin− MSCs (cMSCs) that were isolated
from auricular biopsies taken during coronary artery bypass surgery, as de-
scribed elsewhere,[97] MDA-MB 231, NHDFs, BM-MSCs, mCherry/MDA-
MB 231, GFP/NHDFs and GFP/HUVECs (Lonza, Basel, Switzerland).

Adv. Healthcare Mater. 2024, 2400040 © 2024 Wiley-VCH GmbH2400040 (11 of 14)
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These cell lines were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Gibco, Thermo Fisher Scientific, Milan, Italy) supplemented
with 10% of fetal bovine serum (FBS) (v/v) (Gibco, Thermo Fisher Scien-
tific, Milan, Italy), 2 mm L-Glutamine, 100 U mL−1 penicillin, and 100 μg
mL−1 streptomycin (complete medium) at 37 °C and with 5% CO2.

For the cell microsphere production, after detachment by treatment
with trypsin EDTA, the cells were washed with PBS and resuspended in
PF hydrogel precursor solution at a cell density of 4 × 104 cells μL−1.
The PFHy precursor solution was obtained according to a published
protocol.[28,33,98] Briefly, the PFHy precursor solution was solubilized in
PBS, pH 7.4, at a final concentration of 8 mg mL−1 of PF, and to favor
the gelation process, 0.5% v/v PEGDA (10 kDa) of a 30% PEGDA solution
was also added. The assembly of PFHy was achieved via free-radical poly-
merization by adding 1% v/v of a photo-initiator stock solution contain-
ing 10% w/v Irgacure 2959 (Ciba Specialty Chemicals, Basel, Switzerland)
in 70 vol% ethanol; thus, the gelation occurred by exposing the micro-
spheres dropped on a nanostructured super-hydrophobic surface to UV
light (365 nm, 4–5 mW cm−2) for 2 min. The superhydrophobic surface
of PDMS was here fabricated with nano-structures using the procedure
described by Patent LDO0252.[35] The cell-loaded PF microspheres were
cultivated in a complete medium. After 24 h of cell growth, the PF spheres
were embedded in the outer gel precursor solution (at a final concentra-
tion of 5.5 mg mL−1 of PF in PBS pH 7.4) exposing to UV light (365 nm,
4–5 mW cm−2) for 5 min to allow the outer gel photopolymerization.

Optical and Fluorescence Microscopy Analyses: Cellular invasion of the
PF spheres in the 3DCM-chip was monitored over time by brightfield and
fluorescence microscopy using a Zeiss Axio Observer 7 microscope and
a Zeiss LSM 700 confocal microscope, respectively. The cell outgrowth
was visualized also using the time-lapse microscopy, capturing images
every 4 h for 4 days in culture using a 5× objective and a custom-built mi-
croscope system maintaining the chip inside an incubated environmental
chamber with a temperature controller (37 °C and 5% CO2). Fluorescence
microscopy of MDAPF spheres was also performed by nuclei staining of
live cells with Hoechst 33342 (Sigma Aldrich, Italy) prior to their encap-
sulation in the outer gel. Immunofluorescence analysis of NHDFs grown
in the presence of MDAPFs was performed by fixing the cells with 4%
paraformaldehyde in PBS for 30 min at room temperature, then perme-
abilizing with 0.3% Triton X-100 for 5 min, and maintaining in a blocking
buffer (10% v/v FBS, 0.1% v/v Triton X-100, and 1% w/v glycine in PBS)
overnight at 4 °C. Samples were then incubated overnight at 4 °C with
1:200 v/v Ab-𝛼-SMA (Thermo Fisher Scientific, Invitrogen, USA) in PBS
with 1% albumin, 20 mm Gly solution, followed by 3 h of incubation with
the appropriate 1:200 v/v Alexa488 fluorochrome-conjugated secondary
antibody in 20 mm Gly-PBS at room temperature. After, cell nuclei were
stained with Hoechst 33342. Fluorescence micrographs were captured us-
ing a Zeiss Axio Observer 7 microscope. NHDFs grown in the presence of
MDAPF were also observed by Crystal Violet staining using a Zeiss Pri-
movert optical microscope.

Western Blot Analysis: Protein extraction from NHDFs grown in the
presence of MDAPF was performed using RIPA buffer (100 μL) contain-
ing a protease inhibitor cocktail (Sigma Aldrich, Milan, Italy) and pervana-
date (Sigma Aldrich, Italy) as a phosphatase inhibitor. After incubation for
90 min in ice, lysates were centrifuged for 10 min at 8000 rpm at 4 °C.
BCA protein assay (Sigma Aldrich, Milan, Italy) was used to determine the
protein content, and the SDS-PAGE of cell extracts (30 μg of protein) was
performed using 12% polyacrylamide gel. For electro-blotting, PVDF mem-
branes (Sigma Aldrich, Italy) were used and were then blocked and probed
with primary monoclonal antibodies Ab-p-Akt rabbit (Cell Signaling Tech-
nology, USA), Ab-𝛼-SMA (Thermo Fisher Scientific, Invitrogen, USA), Ab-
Cyclin D1 rabbit (Cell Signaling Technology, USA). Immunoblots were next
incubated with the secondary antibodies (dilution 1:3000) (Cell Signaling
Technology, USA) for 4 h at room temperature. Immunoblot with Ab-𝛽-
tubulin mouse (Sigma Aldrich, Milan Italy) were also probed for control-
ling the protein loading. A Super Signal West Pico kit (Thermo Scientific,
USA) was used to visualize the signal, followed by exposure to a Fluorchem
Imaging system (Alpha Innotech Corporation-Analitica De Mori, Milan,
Italy). ImageJ software was used to perform the densitometric analysis of
the protein bands of three independent biological replicates.

Statistical Analysis: GraphPad Software (GraphPad Prism version 5.0,
San Diego, CA, USA) was used to perform statistical analyses on data ob-
tained from three or more experimental biological replicates. Each variable
was quantified and analyzed using t-test or One-way ANOVA-test followed
by Dunnett’s multiple comparisons test. A p-value < 0.05 was considered
statistically significant. Standard deviations were calculated using three or
four biological replicates and presented for each type of experiment.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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