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ABSTRACT

The high mortality associated with certain cancers can be attributed to the invasive nature of the tumor cells. Yet, the complexity of studying
invasion hinders our understanding of how the tumor spreads. This work presents a microengineered three-dimensional (3D) in vitro model
for studying cancer cell invasion and interaction with endothelial cells. The model was generated by printing a biomimetic hydrogel scaffold
directly on a chip using 2-photon polymerization that simulates the brain’s extracellular matrix. The scaffold’s geometry was specifically
designed to facilitate the growth of a continuous layer of endothelial cells on one side, while also allowing for the introduction of tumor cells
on the other side. This arrangement confines the cells spatially and enables in situ microscopy of the cancer cells as they invade the hydrogel
scaffold and interact with the endothelial layer. We examined the impact of 3D printing parameters on the hydrogel’s physical properties and
used patient derived glioblastoma cells to study their effect on cell invasion. Notably, the tumor cells tended to infiltrate faster when an endo-
thelial cell barrier was present. The potential for adjusting the hydrogel scaffold’s properties, coupled with the capability for real-time observa-
tion of tumor-endothelial cell interactions, offers a platform for studying tumor invasion and tumor–endothelial cell interactions.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227135

I. INTRODUCTION

Cancer is one of the leading causes of death worldwide, and
despite extensive molecular studies, some cancers lack treatment.1,2 A
key aspect in developing effective therapeutics for tumors is the under-
standing of invasion and recurrence mechanisms, since these account
for around 90% of cancer deaths.3,4 Especially in glioblastoma (GBM),
rapid local invasive growth of cancer cells after surgical resection is one
of the reasons the tumor remains incurable. Despite tumor cell inva-
sion and intravasation being essential steps in tumor spreading, many
of the driving biological mechanisms involved are still poorly
understood.5,6

A reason for the limited success rate of developing oncologic
treatment is that animal models in preclinical trials can have poor

prediction power of human physiology. Although animal models have
represented an essential tool to progress the understanding of human
biology and disease mechanisms, these same models present several
drawbacks including time-consuming development, high complexity,
limited access to the biological event, and poor predictability of the
human response to new treatments.7,8

In vitro models, such as two-dimensional (2D) cell mono or co-
culture on flat and rigid surfaces, provide a user-friendly and cost-
efficient platform for high throughput screening of new drug candi-
dates and fundamental biology studies.9 The implementation of a
porous membrane in 2D systems creates an upper and lower compart-
ment introducing multicellular cultures for cell migration and cell–cell
interaction studies.10 However, such a strategy still poorly replicates
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reproducible gradients,11 has limited membrane transparency, and fails
to recapitulate the 3D native environment and hampers the cell–cell
interactions leading to aberrant cell behavior.12,13

In an attempt to advance in vitromodels and bridge the gap with
the high complexity of animal models, microphysiological systems
(MPS) have been developed to recreate biologically relevant environ-
ments in miniaturized devices.14,15 In MPS, microfluidics provides
dynamic control over the cellular microenvironment while spatially
and temporally confining fast and random cell events, such as cell
invasion, to enable the investigation of biological mechanisms.16–18 On
such platforms, 3D matrices engineered to resemble the extracellular
matrix (ECM) environment, either based on hydrogels12 or porous
structures,19,20 can be coupled with 3D cell cultures.8,21,22 The intro-
duction of 3D culture served to understand fundamental interactions
between the cells and the surrounding microenvironment.12 This
includes the cell-ECM as well as the cell–cell interactions. Natural-
based hydrogels, such as fibrin and collagen, have been largely used for
the self-assembly of human vascular endothelial cells (HUVECs) on-
chip to recreate 3D vascularized constructs in which encapsulated can-
cer cells or spheroids are integrated to study invasion and intravasation
mechanisms.23–25 Despite ensuring a vascularized network, the poor
control over the self-assembling of cells hampers the system’s repro-
ducibility, thus limiting comparative studies. In contrast, compared to
natural-based hydrogels, synthetic and hybrid materials provide
greater control over material properties,26 overcome batch-to-batch
variation, and have the potential to recreate the architecture of tissues.
Techniques including gas foaming,27 electrospinning,28 and particulate
leaching29 have been investigated to tune matrix porosity.26–28 Such
strategies successfully increase the overall hydrogel porosity, but little
or no spatial control over the mechanical properties and porosity dis-
tribution negatively affects cell development and invasion.30

Among the different 3D printing technologies today, 2-photon
polymerization (2PP) has emerged as a reliable strategy to obtain scaf-
folds with subcellular feature sizes and resolution suitable for mimick-
ing biologically relevant human tissue-like environments.31–41 The
high-spatial control and possibility to build complex architectures with
2PP makes it possible to fabricate structures that accurately mimic bio-
logically relevant environments for studying tumor invasion and inter-
actions with endothelial cells.20,34,42,43 The poor processability of
hydrogel-based inks, due to swelling in cell media, and poor mechani-
cal properties has, however, hampered the use for structures with sub-
100 lm resolution features, favoring resin-based materials instead.
However, the resin-based scaffolds scatter visible light reducing imag-
ing quality, present around three orders higher Young’s modulus com-
pared to human soft tissues,44 and display high autofluorescence in a
wide visible spectrum.45 Moreover, the lack of degradable moieties in
these resin-based scaffolds not only hinders the invasion andmigration
of tumor cells within the scaffold, which is crucial for mimicking a
tissue-like environment, but also limits the potential for dynamic
remodeling of the scaffold over time. This impairment reduces suit-
ability for long-term biological studies and applications of resin-based
scaffolds where tissue integration and natural degradation are
essential.

Here, 2PP is used to 3D print on-chip a hydrogel scaffold hosting
tumor cells and endothelial cells. The direct integration of the hydrogel
scaffold on-chip facilitated the handling of the coculture while reduc-
ing the 2PP printing time to 20min. The conceived scaffold design

mitigated the hydrogel swelling and ensured the tuning of the hydrogel
properties with high spatial accuracy (40lm) to study single-cell inva-
sion in a soft-tissue-like environment (Young’s modulus around
1 kPa) in the presence of endothelial cells. The physical confinement of
the tumor cell invasion combined with the vicinity to the endothelial
monolayer allowed tracking of multiple and simultaneous cells by con-
focal microscopy, from the initial seeding until the end of the experi-
ment. The proposed model was validated with glioblastoma cells for
their high invasiveness and interaction with endothelial cells. More
specifically, we have focused on the invasion and interaction of
patient-derived GBM cells with an endothelial barrier over 5 days. This
new platform provides a versatile tool where the scaffold properties
can easily be tuned to investigate cell invasiveness of different tumor
types in their respective soft tissue-like environment while providing
continuous monitoring of tumor cell invasion and interactions with
the endothelial cells.

II. RESULTS AND DISCUSSION

Since the ECM plays a key role in determining cell responses, the
capability to tune the physical properties of a hydrogel is expected to
improve in vitro models for cell invasion. However, the tuning of
hydrogel properties at the cellular length scale inside a microfluidic
device remains a technical challenge. In particular, in an attempt to
replicate soft tissues, hydrogels with Young’s modulus around 1 kPa
generate constructs with poor mechanical stability that are prone to
high swelling due to the low cross-linking density.32,39 Additionally, a
major challenge with current co-culture MPS for studying cell–cell
interaction is the difficulty of positioning different cell types within a
distance from each other to be compatible with time-lapse microscopy.
Cell tracking, for instance, using confocal imaging over large culture
volumes for several days, can generate an extensive amount of data,
but lacks the speed necessary to monitor rapid cellular events.41

In this study, we propose a strategy to benefit from the high spa-
tial resolution of 2PP 3D printing to generate on-chip a hydrogel scaf-
fold with tunable physical properties, as shown in Figs. 1(a) and 1(b)
and supplementary material, Fig. 1. By modulating the laser power
during printing, we embedded low energy-crosslinked hydrogel sec-
tions within a mechanically stable scaffold, both defined in a gelatin-
based ink, as shown in Figs. 1(c) and 1(d). Such scaffold configuration
enabled the screening of different 3D printing parameters for tumor
cell invasion and interaction with HUVECs, as shown in Figs. 1(c) and
1(d). The scaffold was directly 3D printed on-chip and designed to
separate the two communicating microfluidic channels, including
either tumor or endothelial cells, shown in Figs. 1(a)–1(d). The separa-
tion of the device into two seeding chambers allowed the introduction
of tumor cells after the formation of a uniform endothelial monolayer.
The fabrication directly inside the chip ensured good alignment
between the hydrogel scaffold and the larger structures of the micro-
fluidic channels while preventing sources of contamination or poten-
tial handling damages. The scaffold design allowed the integrity and
function of the hydrogel structure by confining the hydrogel deforma-
tion due to swelling to dedicated sections, supplementary material,
Video 1. The cell invasion confined in a small volume simplified the
monitoring of events compared to in vivo, ex vivo, and spheroid cell
cultures where tissue penetration can be limited and large z-stacks are
typically required.9,46 In our work, glioblastoma cells were used to vali-
date the proposed model due to their highly invasive nature and their
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well-documented ability to interact with the surrounding
vasculature.47,48

A. 3D printing parameters influence the scaffold’s
physical properties

2PP 3D printing enables the accurate control of geometry and
energy dose, which can be used to easily tune the architecture and
physical properties of a hydrogel structure.31,32 To benefit from these
capabilities, we established a laser power interval (40–90 mW) for fab-
ricating the hydrogel and perform cell invasion studies. Since energy
dose is correlated with the cross-linking density, the equilibrium swell-
ing, diffusivity, and mechanical properties were measured and
analyzed.49

The laser power was screened between 30 and 100 mWwith con-
stant 0.5lm hatching and 3lm slicing layer intervals, as shown in
Fig. 2(a). The hatching and slicing layer intervals were not varied as
our previous work has confirmed these to be optimal for hydrogel
2PP.31 To ensure uniform properties of the structures, the woodpile
setting was chosen. In addition, the “top-down” printing mode was
preferred to the “bottom-up mode” to ensure a higher printing fidel-
ity.32 All the structures were incubated for 24 h in cell culture media to
allow equilibrium swelling after removal of the non-crosslinked hydro-
gel precursor solution. Despite being visible after printing, the sample
obtained with 30 mW was not retained on the glass surface after the
removal of the non-crosslinked hydrogel precursor solution, as shown
in supplementary material, Fig. 2. All work with the samples, including
removal of non-crosslinked hydrogel and imaging, was conducted on-
chip to reduce direct manipulation of the hydrogel scaffold with a
reduction of possible damages and contaminations.

Even if the 2PP 3D printing process ensures high cross-linking
confinement in the laser voxel, the hydrophilic nature of gelatin causes
swelling of the structure when placed in aqueous solutions. The

structure swelling reduces printing fidelity deforming the structure and
affecting the scaffold function.50 High degree of deformation might
cause inter-fiber detachment compromising the continuity of the scaf-
fold, as shown in Fig. 2(a). Both the fiber-like 3D printing process and
the hydrogel swelling need to be considered when designing and work-
ing with 2PP defined hydrogel structures.

The swelling behavior for the screened powers was investigated,
shown in Fig. 2(b). The top of the disk was analyzed to reduce the
influence of the glass–substrate constrain. The computer-aided
manufacturing and the computer-aided design ratio (CAM/CAD) was
taken as a qualitative measure of how accurately the design could be
replicated and it was seen to decrease as the power increased, as also
observed in previous studies.49 Below 70 mW, small changes in power
resulted in large changes in the CAM/CAD. In contrast, when powers
above 70 mW were used, we only observed a small influence of the
power on the sample swelling. Interestingly, a similar trend, but with
the opposite slope, was observed for the hydrogel fluorescence inten-
sity, as in Fig. 2(c). Here, a higher cross-linking density correlates with
a higher amount of fluorescence photo-initiator being trapped in the
hydrogel scaffold.51 The 40 mW sample showed both the highest disk
surface area and the lowest structure circularity, associated with poor
cross-linking. The weakly connected fibers lead to high swelling and
an increase in sample volume. The 40 mW hydrogel structure also dis-
played the highest intra- and inter-fiber porosity, due to the lowest
cross-linking density and fiber adhesion, respectively, as in Fig. 2(d).
No deviation from circular shape was observed for energies above 40
mW, as shown in Fig. 2(a). A comparison of the fiber size between the
sample obtained at 40 and 100 mW laser powers showed an increase
in diameter for the lowest energy as a consequence of the higher swell-
ing, as in Fig. 2(d). In addition, the intensity profile of the fiber for
both screened powers displayed a gradient from the core to the edge of
the fiber, associated with the energy distribution of the voxel.31

FIG. 1. The computer-aided design (CAD) of the microfluidic chip with the hydrogel scaffold separating the vascular side (HUVEC) from the channel with the tumor cells
(U3013), (a). Magnification of the CAD design to display the details of the hydrogel scaffold and the microfluidic chip components (b). Brightfield, (c), and fluorescent, (d), image
of the magenta-labelled U3013 cells (top channel) and green-labelled HUVECs (bottom channel) cultured on the opposite walls of the hydrogel scaffold (Leica SP8, 10� and
NA 0,3 objective).
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A similar trend as the fluorescence intensity was observed for the
stiffness of the 2PP hydrogel, as measured by nanoindentation on cir-
cular 1mm diameter disks. For energies between 50 and 80 mW, a
higher Young’s modulus was observed as the laser power increased,
but after reaching a plateau at�80–90 mW, a decrease in the mechan-
ical properties was observed, shown in Fig. 2(f). The 40 mW samples
were not measured due to the detection limit of the instrument and
the high mobility of the hydrogel fibers where the low inter-fiber cohe-
sion prevented stable contact between the nanoindenter probe and the
scaffold surface. The measured Young’s modulus was in the same
order of human brain tissue.52,53

The effect of the laser power on molecule diffusivity was investi-
gated by fluorescence recovery after photobleaching (FRAP) of 70kDa
FITC-dextran molecules, as in Fig. 2(e). As expected, the diffusivity
displayed the inverse trend of the mechanical properties of the sample
with a decrease as the laser power increased up to 70 mW, where a pla-
teau was reached. The observed relation between laser power and dif-
fusivity is associated with the decreased porosity of the hydrogel as the
energy dose increased.

Interestingly, the sample obtained with 100 mW laser power dis-
played a lower fluorescence intensity and mechanical properties while
displaying an increase in diffusivity. The lower fluorescence intensity
might result from fluorophore bleaching due to the high laser power
during fabrication. However, the drop in diffusivity and mechanical
stability was associated with excessive energy resulting in polymer

chain degradation49 or inactivation of the crosslinker54 leading to the
formation of a less dense and in turn, weaker network.

From the measurements of the physical properties of the hydro-
gel, it was concluded that at 70 mW most of the available crosslinker
and polymer side groups were reacted, inducing only small differences
in material properties when higher energies were used. In contrast,
below 70 mW, the lower the power, the less the amount of cross-
linking points, leading to a lower Young’s modulus with a higher swell-
ing and diffusion.

These results show that the properties of hydrogel structures can
be fine-tuned by varying the laser power while keeping the remaining
3D printing parameters constant. Especially, in proximity of the cross-
linking threshold, the physical properties of the 3D structures change
drastically with small variations in the energy dose. Consequently, we
established that laser power from 70 to 90 mW is suitable for the fabri-
cation of the hydrogel scaffold section with structural function, while
laser powers between 40 and 70 mW were chosen for the parts of the
scaffold dedicated to the cell invasion screening.

B. On-chip fabrication of tailored hydrogel scaffolds

When guiding the invasion of cells in a hydrogel structure, it is
important to study what role the hydrogel properties play. In this
study, different physical properties of the hydrogel were obtained by
tuning the fabrication parameters, as discussed in Sec. II A. In

FIG. 2. Fluorescence confocal images of the laser power screening samples (disk) retained on the glass substrate, top view (Leica SP8, 10� and 0.3 NA objective). Look up
table of the images were inverted to improve visualization (a). Average intensity (b) and CAM-CAD mimicry (c), of the top surface of the hydrogel disk obtained for the screened
energies (n¼ 3, error: standard deviation). Intensity profile of the fiber constituting the hydrogel structure for 40 and 100mW (d). The analyzed area is highlighted in the dashed
rectangle shown at 40 and 100mW in (a). Diffusivity of 70 kDa FITC-dextran in the 2PP hydrogel after 24 h (n¼ 5, error: standard deviation) (e). The Young’s modulus of sam-
ples obtained with the screened energies, (n¼ 3 with 4 measurements per sample, error: standard deviation) (f). Data could not be obtained for the 40mW samples due to the
detection limit of the instrument.
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particular, the laser dosage used correlated with cross-linking density
and consequently to swelling and mechanical stiffness, as shown in
previous studies.49

Since the printed scaffold is constrained inside the microfluidic
channel, the hydrogel swelling will result in scaffold deformation, com-
promising the surface for cell seeding and compressing the low-energy
sections. In addition, the poor mechanical properties of the areas
defined with lowest energies (30–50 mW) hamper the fabrication of
standalone structures capable of tolerating the non-crosslinked precur-
sor solution removal and cell media exchanges. It is therefore critical
to avoid swelling while ensuring an appropriate mechanical property
of the 3D scaffold. This can be achieved by either ensuring a high
cross-linking degree or using synthetic polymers. However, these
approaches present the drawback of limited permeability and low bio-
mimicry lacking cell recognition and adhesion sites, respectively.33

Here, we propose to combine regions of high cross-linking, as
mechanical support, together with regions of lower cross-linking that
provide invasion paths for the cells. The scaffold design accounts for
the hydrogel swelling by implementing thin and curved walls in which
the structure deformation can be concentrated, thereby preserving the
areas dedicated for the invasion assay. To evaluate optimal design of
the soft regions, sections of 40lm diameter and 75lm length at the
base of the scaffold were exposed with laser powers ranging from 30 to
50 mW. These sections covered the entire width of the structure and
had a cavity defined on one end, to simplify tumor cell seeding, shown
in Figs. 3(a)–3(c). The full structure was 3D printed within 20min
enabling up to five devices to be fabricated during the 3 h working win-
dow of the hydrogel precursor solution.

After printing and equilibrating the structures in cell media for 24
h, the CAM/CAD mimicry of all the sections obtained with the tested
powers was measured via confocal microscopy to investigate what effects
the hydrogel swelling had on the geometry of the structure. The fluores-
cence intensity difference between the areas printed with different powers
allowed us to distinguish the sections of the structure, shown in Fig. 3(a).
All the tested powers displayed CAM/CAD values close to 1, with a slight
increase in the inner diameter of the invasion channels as the power
increased, shown in Fig. 3(d). This shows that the regions of higher
cross-linking fulfilled their purpose to provide mechanical support and
that the design implemented reduced structure deformations.

Possible non-uniformities between the soft section in the center
and the outermost soft sections of each triplet were analyzed by observ-
ing differences between the section diameters, as in Figs. 3(a), 3(c), and
3(e). No significant difference was observed between the central channel
and the side channels of the triplets. Similarly, eccentricity values dis-
played no notable change between the screened powers. However, the
sections did not present a perfect circularity, with an elongation along
the z-axis, as in supplementary material, Fig. 3, associated with the more
effective swelling compensation in the z-direction of the design com-
pared to the x–y direction, shown in Fig. 3(c). All the soft sections dis-
played a similar geometry after the scaffold swelling, ensuring optimal
seeding for the cell invasion study. The developed scaffold design enabled
on-chip integration of a mechanically stable hydrogel structure with sec-
tions having different physical properties by tuning the laser power.

C. The hydrogel scaffold supports cell culture

Cell survival rate is one of the fundamental factors to consider
when culturing cells on a new substrate. A recent study from our group

showed that human umbilical vein endothelial cells (HUVECs) attach,
proliferate, and spread on 2PP 3D printed hydrogel structures
obtained with the same ink used here.31 In the current study, we
wanted to evaluate the cytocompatibility of the hydrogel with tumor
cells. Patient-derived GBM cells (U3013) were cultured on top of a
printed hydrogel disk, according to a previously published protocol,31

as shown in Figs. 4(a)–4(c). The hydrogel structure was defined using
90 mW laser power to ensure a stable surface with no swelling for
smooth cell seeding. U3013 cells were cultured on a laminin-coated tis-
sue culture plate as a control. No significant differences were observed
between the cell culture on the hydrogel and on the well plate surface,
indicating that the hydrogel did not have a negative impact on cell via-
bility after 24 h. Both conditions displayed cell viability above 90% after
24h, as shown in Fig. 4(d). Consequently, the hydrogel resulted in a
suitable substrate for the co-culture of HUVECs and U3013 cells.

D. Tuned hydrogel properties affect cell invasion

The main goal of this work was to develop an MPS to study can-
cer cell invasion in matrixes of different mechanical properties, mim-
icking, e.g., healthy or cancerous tissue. Here, the invasion of U3013
GBM cells was continuously monitored for 4 days of culture in a 2PP
3D printed hydrogel scaffold separating two microfluidic channels.

Tumor cells were seeded on one side of the scaffold and guided
toward the migration sections by tilting the microfluidic device 90� for
2 h immediately after the cell solution injection, as in Figs. 5(a)–5(d).
We opted for a high cell concentration (8 � 106 cells/ml, volume
injection:10ll) to ensure filling inside the scaffold cavities, as in
Fig. 5(a).

After seeding, the sample was left in the incubator and cell migra-
tion was studied with time-lapse over the 5 days of culture (image
interval: 30min).

In the regions defined with 30 mW laser power, cells were imme-
diately observed on both sides indicating that no hydrogel was present,
as in Fig. 5(a), as previously observed in Sec. II A. We hypothesize that
even if the sample appeared visible after printing, the poor adhesion
between the fibers caused the structure to be unstable and be washed
away during removal of the uncrosslinked hydrogel.

GBM cell invasion through the hydrogel matrix was observed for
both regions crosslinked with 40 and 50 mW laser power, while no
cells were observed to penetrate the support regions exposed at 90
mW, as shown in Fig. 5(d). During the first 48 h, no invasion was
observed in the screening sections except for one cell in the 50 mW
section. During day 2, the first cells started invading the hydrogel and
reaching the other side of the scaffold, supplementary material, Video
2. The cell invasion of the hydrogel was then observed throughout the
rest of the experiment. The 40 mW section displayed a higher invasive-
ness with a higher number of cells entering the screening section than
for the 50 mW section, as in Figs. 5(d) and 5(e). The cell invasion was
measured until the end of day 4 when the experiment was terminated
as the presence of tumor cells on the other side of the scaffold inter-
fered with the invasion of new cells, supplementary material, Video 2.
Fabrication of longer sections (length above 75lm and diameter above
40lm) would have allowed longer monitoring times of the cell migra-
tion and simplified cell segmentation for analysis. However, the fabri-
cation of bigger scaffolds would require longer 3D printing sessions
representing a limitation due to the short printing window of the
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hydrogel precursor solution (3 h). In addition, bigger structures might
affect the design capability to compensate for the swelling effect.

Previous studies have shown that cell motility is influenced by
material porosity and stiffness55 and our results are in line with previ-
ous work that has reported on higher GBM cell invasiveness in scaf-
folds with low Young’s modulus.56,57

We could also observe that the physical properties of the hydrogel
affected the invasion pattern of the cells inside the hydrogel matrix
where the morphology of the cells in the 50 mW exposed section was
seen to be affected by the fiber arrangements of the hydrogel, as in
Figs. 5(h) and 5(i). The tumor cells displayed a mesenchymal mor-
phology, representative of GBM invasion,58,59 with protrusion

extensions in the direction of invasion aligned to the fiber orientation.
During the cell infiltration, the cell body shown confinement in the
fiber grid architecture, indicating scaffold influence over the cell inva-
sion, shown in Fig. 5(i). A similar effect, although less pronounced,
was observed for the sections exposed to 40 mW, as in Fig. 5(h).
Matrix architecture influence over the cell invasion was observed in
previous in vitro studies for natural fiber-like hydrogels, i.e., collagen,60

in vivo and ex vivo with the consequence of a significant change in the
tumor cell shape.61,62

Over time, a reduced constrain of the cells to the structure pattern
was observed suggesting the tumor cell capability to remodel the ECM
of the scaffold correlated with the metalloproteinase sites presence on
the gelatin polymer chain,46,63 supplementary material, Video 2. After
5 days of culture, the 40 mW section displayed a higher area coverage
than the 50 mW region suggesting a higher infiltration of tumor cells,
as in Fig. 5(g).

The hydrogel scaffold design confined the majority of the swelling
effect to the designated sections successfully separating the two micro-
fluidic channels and enabling the study of cell invasiveness in hydro-
gels patterned using different laser powers. No cell invasion was
observed outside the designated sections underlining the capability of
the proposed fabrication strategy to spatially confine the cell invasion,
as in Fig. 5(d). 40 mW laser power was chosen for the following experi-
ments, focused on studying effects of cell–cell communication, as it
allowed for the highest invasiveness.

E. Interaction studies of endothelial and tumor cells
on-chip

The behavior of tumor cells is not only influenced by the ECM
matrix but also by their interaction with neighboring cells.48 An illus-
tration of this is the vascular system that provides the tumor mass with
nutrients and oxygen and creates a two-way cellular communication
pathway. This interaction promotes cancer cells to invade the ECM
and interact with blood vessels, facilitating their local and distant dis-
semination.64–66 GBM invasion, primarily observed in the brain, bene-
fits from the high vascularization of the brain.67 In particular,

FIG. 3. Orthogonal views from a confocal
microscope stack (Leica Sp8, objective:
10�, NA 0.3) of the 3D printed hydrogel
scaffold. Each microfluidic device pre-
sented sections grouped in triplets. The
reference disk (green) allowed to break
the structure symmetry and correlate the
printing power of each triplet. White
arrows indicate constructs where the
deformation due to swelling is concen-
trated. (a)–(c). CAM-CAD mimicry along
the invasion section for the three different
screened energies 30, 40, and 50mW
(n¼ 30), (d). Ratio between the inner
diameter of the soft section in the center
and the soft sections on the side of each
triplet (n¼ 10), (e).

FIG. 4. Biocompatibility of 2PP hydrogel for a 2D culture of U3013 cells. Scheme
showing the hydrogel disk 3D printing and the U3013 culture protocol (a). The cells
were cultured on a hydrogel disk 3D printed inside a microfluidic chip (b), stained
for live (c), dead (d), and staining after 24 h of culture (Leica SP8, 10�, NA 0.3
objective) (d). Viability of U3013 cells cultures on the 2PP hydrogel and on the well
plate after 24 h of culture (n¼ 3, error: standard deviation) (e).
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chemoattractants secreted by the endothelial cells increase the inva-
siveness into the healthy brain regions.68

In this work, we explored the endothelium–tumor cell interaction
by seeding GFP-HUVECs and fluorescently-labeled GBM cells on
opposite sides of the hydrogel scaffold, shown in Fig. 6(b). HUVECs,
previously used for glioblastoma studies, were chosen for this

experiment.69–71 The ECM regions were obtained with a 40 mW laser
power to ensure the highest invasiveness of the GBM cells. The cell
loading into the MPS started with GFP-HUVEC seeding and culture
for 2–3 days to obtain a confluent layer on one side of the hydrogel
scaffold mimicking the vessel wall of the brain vasculature. Once this
layer was formed, tumor cells were seeded, supplementary material,

FIG. 5. Scheme showing the scaffold 3D printing and the U3013 culture protocol (a). Brightfield images of U3013 cell invasion in the screened hydrogel over 5 days (b)–(e).
The number of tumor cells invading the soft hydrogel section over 3 days of culture (f). � corresponds to significant differences between the samples at each time-point
(p< 0.05, n¼ 3, error: standard deviation). The percentage of cell area coverage in the screened power sections (30, 40, and 50 mW) after 5 days of culture (n¼ 3, error:
standard deviation) (g). Representative cell invasion patterns inside the sections obtained with 30 mW (h), 40 mW (i), and 50mW (j), after 3 days of culture. The arrows indicate
the influence of the hydrogel woodpile structure over the cell body during the cell invasion (Etaluma, 10� and 0.3 NA objective).
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Video 3. We opted for sequential seeding to prevent the tumor cells
from interfering with the GFP-HUVEC monolayer formation. The cell
culture was performed for another 4 days in a stage top incubator
(Okolab H301-K-FRAME) mounted on a confocal microscope (Leica
SP8 10� 0.4NA air objective) for optical monitoring of the two differ-
ent cell types. The cell invasiveness of the co-culture was compared to
the invasiveness of the tumor cells when cultured alone. For both con-
ditions, HUVEC cell media was used, as shown by previous studies
with GBM cells.69,72,73

Interestingly, a higher invasiveness during the first 12 h was
observed for the tumor cells when they were co-cultured with GFP-
HUVECs compared to the tumor cell monoculture, as in Fig. 6(c). Our
results are in accordance with previous studies indicating an increase
in tumor cell invasion in the presence of the endothelial cells.74–76

Despite the cell co-culture displaying a high number of U3013 cells
invading the soft hydrogel section, a smaller amount of tumor cells
reached the channel on the other side of the scaffold when compared to
the monoculture. The reduced capability of the GBMs to access the
opposite side of the hydrogel was associated with the presence of a barrier
formed by the GFP-HUVECs, shown in supplementary material, Fig. 4.

Confocal microscopy imaging of cell co-culture displayed the low
energy (40 mW) sections colonized by GBM cells after 4 days, shown

in Fig. 6(d). The confinement of the cells inside the 40 mW cell inva-
sion channel could be confirmed as no invasion was observed outside
the designated invasion region. A non-uniform distribution of the
tumor cells was observed with a higher presence of GBM at the inter-
face between the 40 mW and 90 mW exposed sections, supplementary
material, Video 4. No radial chemoattractants, oxygen, or nutrient gra-
dients across the invasion section were identified as the cause of such
GBM invasion pattern. It was hypothesized that the 90 mW-exposed
hydrogel mechanically stabilized the peripheral area of the 40mW-
exposed section providing a more stable fiber matrix for the GBM cells
to invade the matrix.

Despite no invasion being observed in the parts of the scaffold
printed with 90 mW laser power, the GBM presented F-actin-rich
structures that radially spread inside the high energy crosslinked sec-
tions, as shown in Figs. 6(d) and 6(e). These structures were correlated
with cell filopodia, involved in cell adhesion and motion. Interestingly,
a lower density and size of filopodia per cell were observed for the
HUVECs when compared to the U3013s indicating a lower penetra-
tion capability of the endothelial cells, as in supplementary material,
Fig. 5.

The proposed MPS enabled time-lapse confocal imaging to mon-
itor dynamics of U3013-HUVEC interactions in real time over 4 days

FIG. 6. Tumor invasion comparison of U3013 monoculture and U3013-HUVEC co-culture. Scheme showing the scaffold 3D printing and the cell coculture protocol (a). U3013
cell invasion after 12 h of monoculture (b). U3013 invasion after 12 h of U3013-HUVEC co-culture (Leica SP8, 10� and 0.3 NA objective) (c). The number of cells invading the
hydrogel channel after 12 h of cell culture. � corresponds to significant differences between the samples (p< 0.05, n¼ 18, error: standard deviation) (d). Top (e) and cross
section (f); view of GBM cells invading the 40 mW sections in a coculture system after 4 days (Leica SP8, 25� and 0.95NA objective). The arrows indicate GBM filopodia; red:
F-actin.
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of culture. The presence of the HUVEC monolayer initially hampered
the invasion of the tumor cells in the vascular channel. However, GBM
cells were observed migrating at the interface between the hydrogel
and the HUVEC monolayer leading to the dissemination of the tumor
cells along the hydrogel-HUVEC interface, supplementary material,
Video 5. The tumor cell migration along the vasculature (vascular co-
option) is a well reported strategy of tumor invasion in highly vascular-
ized organs, i.e., brain.68,77 In particular, the perivascular spread of
GBM represents a highly frequent invasion route47,78 considered as
one of the causes of tumor resistance to treatments and tumor
recurrence.79

As the amount of U3013 cells in contact with the HUVECmono-
layer increased, GBM intravasation, after tumor invasion along the
endothelial cells, was also observed, as in Fig. 7 and supplementary
material, Video 6. The GBM filopodia interaction with the HUVEC
monolayer continuity was also monitored, supplementary material,
Videos 7(a) and 7(b). It has been reported that 39% of patients with
diagnosed GBM have circulating tumor cells in the blood stream.80

However, this percentage poorly correlates with the extracranial metas-
tasis frequency, between 0.4% and 2%.80,81 A possible answer to this
paradox might lie in the high aggressiveness of the GBM with a
median survival time below 15months for a patient receiving treat-
ments.82 A time interval considered insufficient for the development
and detection of metastasis, as observed in patients only after 16–
24months following the initial tumor diagnosis.81,83 The limited
life expectancy of the patients may account for the low incidence of
metastasis due to the insufficient time for extracranial tumor
development.

The previously reported capability of GBM to disrupt the blood-
brain barrier places the intravasation as a possible cause of circulating
tumor cells in the blood stream.84 Consequently, extracranial GBM
metastasis may become an issue of clinical relevance as life expectancy
of patients increases due to the development of more efficient GBM
treatments.46,83,85

Four-day post co-culture, different distinguishing events of
GBM-HUVEC interactions were observed, including GBM invasion,

GBM migration along the endothelium layer, GBM intravasation, and
endothelial monolayer recovery, supplementary material, Video 8.

The capability of capturing a high amount of cell–cell and
cell–matrix interactions is fundamental to unravel the different mecha-
nisms of tumor progression and the rare events due to rarity of inci-
dence or difficulty to detect them. A small fraction of GBM cells was
observed to fuse with endothelial cells (less than 1%).86 However,
fusion between tumor cells and the surrounding cells has been
reported as a cause to the tumor population diversity87 enhancing
invasion capacity and the development of treatment resistance.88

During the co-culture, an event of tumor-HUVEC cell co-localization
was visualized by observing the simultaneous motion of cells, sugges-
ting cell fusion, supplementary material, Video 9.

The unique ability within our platform to tune the hydrogel prop-
erties combined with the possibility of imaging the dynamic interac-
tion between endothelial and tumor cells in real time over extended
time periods provides an important platform to gather valuable
insights into biological events with significant potential for under-
standing, e.g., tumor invasion mechanisms.

III. CONCLUSION

In the presented work, 2PP 3D printing technology was used to
create a tumor-endothelium interaction model on-chip. We utilized
the versatility of 2PP 3D printing to integrate this scaffold in a micro-
fluidic chip with a simple geometry suitable for cleanroom-free fabrica-
tion. HUVEC and GBM cells were seeded on opposite sides of the
hydrogel scaffold mimicking the ECM for investigating GBM invasion
and interaction with the endothelial monolayer. The microfluidic
device design allowed us to monitor tumor-endothelial cell interaction
over 4 days demonstrating that the tumor cells more rapidly invaded
the hydrogel matrix in the presence of an endothelial layer.
Additionally, it was demonstrated that the physical properties of the
hydrogel could be tuned during fabrication and, in turn, affect the
tumor cell invasiveness. The robustness and versatility of the proposed
system offer a valid platform for studying invasion of tumor cells and
tumor–endothelial cell interactions in scaffolds with different

FIG. 7. Time-lapse of a U3013 (magenta) reaching and migrating along the endothelial monolayer with penetration in the HUVEC barrier (green) between time point 05:00 and
06:20. Top view, time format (hh:mm).
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mechanical properties mimicking, e.g., different tissues to increase our
understanding of cancer progression.

IV. METHODS
A. 2PP setup

SolidWorks (Dassault systems) served to design and generate the
standard triangle language (STL) file of all the 3D printed structures. The
STL file was imported into the Think 3D software (UpNano GmbH) to
set the printing parameters and allow the alignment of the structure to
the microfluidic channel. Top-down mode and alternating adjacent layer
scanning in x and y were chosen to improve the printing quality and
reduce the asymmetric mechanical properties in the structures. For the
hydrogel precursor solution, the refractive index of 1.36 was set as sug-
gested by the ink supplier (BIO-INX). The structures were printed with
the UpNano NanoOne250 3D printer (UpNano GmbH) with a 10�
objective (0.4NA, Olympus) starting the print at the hydrogel–glass inter-
face at the chip top.

B. Microfluidic device fabrication

All the hydrogel manipulations were performed inside a polydi-
methylsiloxane (PDMS)-glass microfluidic chip. The glass and PDMS
layers were air-plasma bonded (power: 200W, time: 5min, and model:
Atto, Diener electronic GmbH) and then placed in contact on a hot
plate at 100 �C for 2 h for bonding. Two different designs were used
for (i) evaluating hydrogel swelling, performing FRAP experiments,
and performing the cell experiment and (ii) investigating the hydrogel
cytocompatibility for 2D culture of U3013 cells by using a device previ-
ously developed in our group.31 The layer-by-layer structure of device
i) is displayed in supplementary material, Fig. 6(a).

C. FRAP experiments

The printing parameter influence over the molecule diffusivity
was investigated with 70kDa FITC-Dextran (Sigma Aldrich) mole-
cules at 50lM concentration. Five arrays of disks (100lm diameter
and 120lm height) obtained with energy ranging from 30 to 100 mW
were printed after manually injecting the hydrogel precursor solution
into the microfluidic device with a pipette tip. After the printing, the
microfluidic chip was immersed in cell media overnight to remove the
non-crosslinked ink. Then, the hydrogel samples were incubated with
a FITC-dextran solution for 24 h to reach equilibrium. The recovery of
the bleached area was monitored for 30 s with 0.5 s frame interval with
an inverted confocal microscope (Leica, SP8, 25� water objective,
0.95NA). The recovery sequences were processed with the “FRAP
analysis” library fromMATLAB.89

D. Hydrogel structure mean intensity, swelling, and
fiber distance

Swelling of the 2PP ink at different energies was analyzed with a
semiquantitative method previously used in studies for 2PP 3D print-
ing.49,60 After 3D printing three arrays of disks (diameter 200lm and
height 100lm) in the microfluidic chip, the samples were incubated in
cell media for 24 h. The distance between neighboring disks was
selected to avoid shadowing effects during 3D printing and stitching
that causes artifacts due to the overlapping of adjacent printing tiles.
The disk top structure surface area and mean intensity (i.e., the surface
furthest away from the hydrogel-glass interface) were measured with

Cell Profiler after imaging via confocal microscopy.90 From the surface
area, the disk diameter was calculated. The disk diameter was com-
pared to the STL file dimension to determine the structure degree of
swelling, according to the following formula:

Swelling %ð Þ ¼ DCAM � DCAD

DCAD
;

where DCAM is the diameter of the disk top and DCAD is the diameter
of the CAD file.

Powers ranging from 30 to 100 mW were screened with constant
hatching (0.5lm) and z intervals (3lm). A woodpile 3D printing
method was set for all the samples. The distance between the fiber con-
stituting the hydrogel structure was obtained by analyzing the intensity
profile of the top surface of the disk via FIJI.91 The fluorescence (exci-
tation around 405nm and emission around 450nm) of the printed
hydrogel derives from the photoinitiator.31 The low energy section
diameters were also measured by analyzing 10 cross sections of three
sections obtained by the 30, 40, and 50 mW laser powers, respectively.

E. Hydrogel preparation

A commercially available 2PP ink (U200, Bioinx) was used for all
the 3D printed structures. The ink components were handled in a ster-
ile environment and the hydrogel precursor solution was used within 3
h after mixing, as instructed by the supplier. To obtain the 2PP ink
precursor solution, 7.5ll of the crosslinker solution (dithiothreitol,
provided as ready-to-use solution by the supplier) was added to 50ll
of the 2PP ink stock solution heated to 37 �C (provided as ready-to-
use by the supplier) previously mixed with 42.5ll of PBS (Sigma
Aldrich, concentration 1�). Potential air bubbles or debris were
removed and collected at the bottom of the Eppendorf tube by centri-
fugation (100 g). Then, the solution was pipetted inside the microflui-
dic chip via one inlet of the fluidic device. To prevent contaminations
and the dehydration of the solution, the inlets and outlets of the micro-
fluidic chip were sealed with 3-mm punched PDMS disks (Superclear
silicone sheet 0.5lm, Silex Silicones).

F. Cell culture

Human umbilical vein endothelial cells (HUVEC) expressing green
fluorescent protein (GFP) (Angio-Proteomie, PELOBiotech GmbH) were
cultured in the suggested supplier cell culture medium (Cellovations,
Endothelial Cell Growth Medium kit enhanced GFP, PELOBiotech). The
culture flasks were coated for 1 h with a promoting cell adhesion solution
(Speed Coating, PELOBiotech) prior to seeding cells. All HUVEC cells
used in the experiments were between passages 4–10.

Patient-derived GBM cell line U3013 (www.hgcc.se) were cul-
tured on laminin (10lg/ml) coated cellþ tissue culture flasks in
serum-free neural stem cell (NSC) medium with FGF2 and EGF as
described previously.92 Cells between passages 24 and 28 were used for
the experiments.

All cell types were kept in culture in an incubator at 37 �C with
5% CO2 and saturated humidity. The cell culture medium was
changed every 2 days.

G. Mechanical investigation by nano indentation

Circular 2PP hydrogel disks (diameter: 1mm and height:
250lm) were 3D printed on a glass slide. Nanoindentation
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characterization was performed using a Piuma Nanoindenter system
(Optics 11) on day 2. The spherical indentation probe had a diameter
of 24lm with a cantilever spring constant, k, of 0.025N/m. Samples
were immersed in PBS, and measurements were performed at an
indentation depth of 1lm and displacement speed of 1lm/s with
three samples and four repeats per sample for each condition. The
Young’s modulus was calculated using the built-in Piuma software by
fitting force-indentation curves to the Hertzian contact mechanics
model, assuming a Poisson ratio of 0.5 for incompressible materials.

H. Cell culture on 2PP ink

The viability of U3013 cells was evaluated on a hydrogel disk
(1mm diameter and height 100lm) 3D printed at the bottom of the
wells of device 2, following a previously developed protocol.31 The
remaining non-crosslinked 2PP ink was removed by injecting fresh
media in the microfluidic chip before the incubation for 24 h. For the
cell viability test, the U3013 cells were seeded inside device 1 to obtain
a cell density of 2 � 105 cells/cm2. For the control, cells were cultured
on a PO treated plate coated with laminin (10lg/ml). The cell viability
was measured at 24 h after seeding (n¼ 3) by performing a live/dead
assay with 0.75ll/ml propidium iodide (Thermo Fisher Scientific,
P3566) and 2ll/ml Calcein AM (Thermo Fisher Scientific, C3009).
After 15min incubation of the injected assay solution, the microfluidic
chip was washed three times with PBS. The stained cells were imaged
by confocal microscope (Leica SP8 10� 0.4NA air objective).

All the cultures of the cells on the hydrogel structure were per-
formed in device 1, shown in supplementary material, Fig. 6. After
printing the hydrogel scaffold, the remaining non-crosslinked hydrogel
was washed out by injection of warm media and the microfluidic chip
was incubated for 24 h. For evaluation of tumor cell invasion at differ-
ent 3D printing energies (30–50 mW), a cell solution (8 � 106 cells/
ml) was injected in the channel inlet presenting the hydrogel scaffold
cavities. Immediately after the solution injection, the microfluidic chip
was tilted 90� in a 3D printed holder to ensure sedimentation of cells
on the hydrogel scaffold. The construct was incubated for 1.5 h at the
inclination. Following this, the microfluidic chip was placed in a 6 well
plate, and the cells were monitored with an incubator microscope
(Lumascope 560, Etaluma, 10X and 0.3NA objective) set to acquire
brightfield images with 10–30min intervals. The U3013 invasion was
determined by manually counting the cells invading the hydrogel area
in the two sections printed at 40 and 50 mW laser power over the
3 days of culture. The final area coverage of the U3013 was manually
measured after 4 days of culture.

For the cell coculture, U3013 cells were stained with Vybrant Dil
(1/500) cell-labeling solution (Thermo Fisher Scientific) for 30min in
the cell culture flask at 37 �C inside an incubator. For the HUVECs
and U3013 cells co-culture, the GFP-HUVEC solution (3 � 106 cells/
ml) was injected in the microfluidic channel opposite to the hydrogel
cavities. After the formation of a monolayer (2–3 days), the stained
U3013 cell solution (8� 106 cells/ml) was injected in the channel with
the hydrogel cavities. For both seedings, the microfluidic chip was tiled
90� to ensure that the cells sedimented on the hydrogel scaffold. The
cell culture was continuously monitored (20min time lapse) inside a
stage top incubator (Okolab H301-K-FRAME) mounted on a confocal
microscope (Leica SP8 10� 0.4NA air objective). The cell invasion in
the channels was manually measured. At day 7, the samples with the
cell cocultured were fixed with 2% paraformaldehyde for 15min and

stained for F-actin (Spirochrome Spy-actin 620 1ll/ml in PBS) for
1.5 h before three washes of PBS. The images were taken with a confo-
cal microscope (Leica SP8, 25X water objective, 0.95NA).

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on the
hydrogel scaffold design (Video S1 and Figs. S1 and S3), the microflui-
dic chip (Figs. S1 and S6), U3013-hydrogel interaction (Video S2), and
U3013-HUVEC interaction (Video S3–S9, Figs. S3 and S5).
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