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Engineering Mesoscopic 3D Tumor Models with a
Self-Organizing Vascularized Matrix

Federica De Lorenzi, Nadja Hansen, Benjamin Theek, Rasika Daware, Alessandro Motta,
Saskia Breuel, Ramin Nasehi, Julian Baumeister, Jan Schöneberg, Natalija Stojanovíc,
Saskia von Stillfried, Michael Vogt, Gerhard Müller-Newen, Jochen Maurer,
Alexandros Marios Sofias, Twan Lammers,* Horst Fischer,* and Fabian Kiessling*

Advanced in vitro systems such as multicellular spheroids and lab-on-a-chip
devices have been developed, but often fall short in reproducing the tissue
scale and self-organization of human diseases. A bioprinted artificial tumor
model is introduced with endothelial and stromal cells self-organizing into
perfusable and functional vascular structures. This model uses 3D hydrogel
matrices to embed multicellular tumor spheroids, allowing them to grow to
mesoscopic scales and to interact with endothelial cells. It is shown that
angiogenic multicellular tumor spheroids promote the growth of a vascular
network, which in turn further enhances the growth of cocultivated tumor
spheroids. The self-developed vascular structure infiltrates the tumor
spheroids, forms functional connections with the bioprinted endothelium,
and can be perfused by erythrocytes and polystyrene microspheres. Moreover,
cancer cells migrate spontaneously from the tumor spheroid through the
self-assembled vascular network into the fluid flow. Additionally, tumor type
specific characteristics of desmoplasia, angiogenesis, and metastatic
propensity are preserved between patient-derived samples and tumors
derived from this same material growing in the bioreactors. Overall, this
modular approach opens up new avenues for studying tumor
pathophysiology and cellular interactions in vitro, providing a platform for
advanced drug testing while reducing the need for in vivo experimentation.
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1. Introduction

Animal experimentation is essential in
biomedical research, but ethical consid-
erations motivate efforts for reducing,
replacing, and refining in vivo experi-
ments, in line with the “3R principle”.[1]

One way to adhere to this principle is
to develop advanced, physiologically
relevant in vitro models that provide
biological readouts with similar pre-
dictive power to in vivo tumors.[2]

While 2D in vitro models have pro-
vided important insights into basic can-
cer cell biology,[3] they fall short in re-
producing relevant pathophysiological pa-
rameters of solid malignancies, such as
the tissue mechanical properties and ar-
chitecture, the heterotypic cell interac-
tions, and the vascular and stromal bar-
riers. These limitations have impelled the
development of more complex in vitro
models, including 3D in vitro multicellu-
lar tumor spheroids (3D MCTS), which
are composed of multiple (cancer and
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stromal) cell types in 3D spherical patterns. These 3D models
more accurately replicate the spatial complexity of solid malig-
nancies and display greater molecular and histological similari-
ties to solid malignancies in vivo, compared to cultivation condi-
tions in 2D monolayers.[4–6] Additionally, 3D MCTS can be intro-
duced in extracellular matrix (ECM)-mimicking hydrogels. The
possibility to fine-tune the properties of ECM mimics allows re-
searchers to investigate how certain ECM features, such as stiff-
ness, relaxation behavior, and crosslinking, contribute to various
pathophysiological changes, e.g., the epithelial-to-mesenchymal
transition (EMT) of cancer cells, i.e., the formation of motile
mesenchymal-like clones from nonmotile epithelial cells).[7,8]

Nevertheless, most of the existing 3D models lack functional vas-
cularization. Thus, angiogenesis, one important hallmark of can-
cer, is not properly reflected and long-term cultivation is challeng-
ing due to insufficient diffusion of nutrients and oxygen.[4] The
lack of fluidity also challenges studying the interaction of cancer
cells with functional vessels, i.e., the important step of tumor cell
invasion representing the transition to a metastatic phenotype.
Furthermore, the tumor crosstalk with circulating blood and im-
mune cells as well as drug delivery over vascular and stromal bar-
riers, including processes related to the enhanced permeability
and retention effect, can hardly be investigated.[9]

Advances in the fields of microfabrication and microfluidics
have greatly contributed to the development of vascularized mul-
ticellular models that replicate the functional units of human
organs.[10,11] The most popular approaches utilize polydimethyl-
siloxane (PDMS) chips with parallel microchannels, either con-
taining cell-laden hydrogels or flowing growth medium. In such
setups, the flow of growth medium is usually induced by a hydro-
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static pressure gradient between two medium reservoirs, result-
ing in a relatively slow flow rate.[12,13] The formation of a capil-
lary bed is typically achieved by leveraging the ability of endothe-
lial cells (EC) to self-assemble and form micro-vascular networks
when grown in 3D hydrogel-based matrices. This enables the
investigation of the impact of shear stress and flow velocity on
vascular sprout formation and elongation.[14–17] Moreover, PDMS
chips with cancer, EC and stromal cells have been used for evalu-
ating anti-angiogenic and cytostatic drugs.[18,19] Recently, PDMS
chips were functionalized with a central well to house a multi-
cellular spheroid composed of EC, stromal, and cancer cells.[20]

The study highlighted the challenges of mimicking successful
intratumoral angiogenesis in vitro, as it was only achieved with
one out of four cancer cell lines tested, and only upon the use of
a triculture spheroid.[20] 3D tumor spheroids were also embed-
ded in a perfusable microvascular network grown in PDMS chips
to study the dynamics of drug transport in vitro.[21] Factors that
have contributed to the popularity and success of PDMS chips in-
clude low material consumption, thus enabling high throughput
experiments. In addition, PDMS chips are optically transparent,
and the single-plane organization of cells near the device’s sur-
face facilitates single-cell tracking and the imaging of cell–cell
interactions.[13] However, the restricted inner thickness of PDMS
chips, which is typically less than 500 μm hinders the growth of
tumor spheroids to the millimeter scale. This limitation is criti-
cal as the “angiogenic switch” is hypothesized to occur in vivo in
certain solid malignancies, like colon carcinoma, only after the
tumors exceed diameters of 1–2 mm.[22,23] Additionally, in PDMS
chips, the rectangular geometry of the channels in which EC are
patterned prevents the faithful replication of physiological flow
dynamics.

Several alternatives have already been explored to fabricate
channel networks embedded within ECM-mimicking hydrogel
matrices. These methods either involve direct bioprinting of
vessel-like structures, or indirect printing of 3D channel tem-
plates using soluble fugitive bioinks, followed by casting of the
ECM hydrogel and EC lining.[24–27] Compared to PDMS chips,
the bioprinting techniques have facilitated a shift in the size
of vascularized tissue from the micro- to the mesoscopic scale.
In addition, bioprinted constructs have demonstrated durabil-
ity under fluid flow conditions for up to four weeks.[25] Bio-
printed vessel-like structures have been utilized to sustain the
growth of patient-derived cancer and stromal cells.[28] However,
these approaches do not fully replicate natural anastomosis or
the formation of a tumor vasculature comprising vessels with
varying calibers. The use of porous hydrogels with well-defined
geometries ranging from millimeters to micrometers can par-
tially address these limitations.[29,30] In this context, anastomoses
between vessels of different calibers are induced by lining EC
within hydrogels that feature prefabricated structures. How-
ever, also this method does not reflect the tissue-specific vascu-
lar features that develop during natural and pathophysiological
angiogenesis.

We previously created a multilayered artificial vessel using 3D
bioprinting and a combination of three cell types (EC, smooth
muscle cells, and fibroblasts), replicating the tunica intima, me-
dia, and adventitia.[27] The dynamic cultivation of our vessel-like
structure resulted in a mature, physiological barrier, comparable
to in vivo vessels.[27] This structure is used in the present study
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Figure 1. Development of bioreactors for supporting and monitoring physiological tumor growth. A) 3D rendering of assembled bioreactors. B) Exploded
schematic exemplifying the design and components of the three bioreactor types. Bioreactors were designed with single or double inlets/outlets, a lid,
rubber silicon seals, and with optical windows only at the bottom or on both sides. Stainless steel (SS) screws were used to tightly close the bioreactor
when assembled, ensuring a leak-proof seal. For connecting the bioreactors to fluid flow, the chamber’s body was functionalized with metal Luer-lock
adapters or needle adapters. C,D) Sagittal and axial views of bioreactors exemplify the unique features of the bioprinting chambers, including the chamber
shape (V-shaped or A-shaped), the thickness of the silicon seals (which is important for ensuring appropriate sealing), and the design of the entrance
region.

to support the progression of artificial tumors. By combining di-
rect bioprinting and the self-organization of EC, structured mi-
crovascular networks were formed in a 3D hydrogel matrix. The
growth of a tumor spheroid to the mesoscopic scale, its transition
to a metastatic phenotype, and the interaction of cancer cells with
the vascularized ECM, were monitored over the course of weeks,
and the system was optimized to mimic tumor angiogenesis. In
addition, the system was tested for its functionality, and it was
used to cultivate patient-derived cancer cells, demonstrating its
ability to capture the phenotypic heterogeneity of human malig-
nancies compared to engrafted tumor models. Our 3D bioprinted
tumor model has the potential to provide an accurate simulation
of various cancer stages and types, and it is a valuable tool for
preclinical research and drug development, which can ultimately
contribute to the refinement and potentially reduction of animal
experimentation.

2. Results and Discussion

2.1. Development and Evolution of Custom-Made 3D-Printed
Bioreactors

Three types of devices were conceptualized and designed for sup-
porting the growth of a biologically active system, on the basis
of previously developed custom-built bioreactors[27] (Figure 1A).
Polyether-ether ketone (PEEK) was chosen as the target material,
because of its favorable properties, including sterilization resis-
tance at high temperature, biological and imaging compatibility
(including CT, MRI, and US), as well as long-term durability.[31]

Unlike PDMS chips, PEEK does not adsorb hydrophobic sub-
stances (e.g., growth factors), thereby preserving the integrity
of cell–cell signaling pathways mediated by secretion of such
substances.
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Each custom-built bioreactor was specifically designed to allow
cultivation under fluid flow conditions. Silicon seals were used
to ensure both leakproofness and airtightness (Figure 1B). The
bioreactors were outfitted with a lid, facilitating the harvesting
and processing of cellular material for histology[27] (Figure 1B).
In addition, for enabling real-time monitoring of cell organiza-
tion, particularly when fluorescent-tagged cells were used (i.e.,
GFP-HUVEC), bioreactors were functionalized with an optical
window that is compatible with fluorescence and multiphoton
microscopy (Figure 1B).

The first bioreactor type, equipped with a glass bottom and a
lid (Figure 1A,B) served to optimize the functionality and repro-
ducibility of the model. This device featured Luer-lock connectors
to gas-permeable silicon tubes for dynamic cultivation. However,
real-time monitoring of structural defects was not possible in this
bioreactor due to the absence of a transparent window on the
body chamber’s top. Such defects included medium accumula-
tion at the entrance region of the bioreactor or on the hydrogel,
as well as hydrogel holes caused by cancer cells degrading the ma-
trix faster than stromal cells could deposit new ECM. As a result,
the top lid needed to be opened for monitoring the bioreactors
for potential defects.

The second and third type bioreactors were developed to en-
able continuous observation of the hydrogel’s response to the
fluid flow and the activity of the resident cells. They were outfit-
ted with coverslips on both, the top and the bottom of the biore-
actor’s body. The metal Luer-lock adapters of type one bioreac-
tors were replaced by PEEK adapters equipped with O-ring seal-
ing and needles, freeing up space for up to two inlets and outlets
(Figure 1B,C). The use of needles at the entrance region further
ensured a smoother flow of medium through the entire body of
the bioreactor, eliminating corners where air bubbles could ac-
cumulate (Figure 1B,C). Additionally, the printing area was en-
larged, while the chamber height was reduced. These modifica-
tions allowed for printing more complex structures, while reduc-
ing the hydrogel amounts and weight, thus improving the over-
all vascular network stability. Other modifications were made, in-
cluding changing the chamber orientation, from a V-shaped de-
sign to an A-shape (bioreactor cross-section in Figure 1D), and
changing the chamber shape from a rectangular to an oval con-
tour along the longitudinal direction for preventing the hydrogel
detachments from the coverslip or wall under hydrostatic pres-
sure changes (Figure 1B). Overall, the development of these three
bioreactors facilitated the printing of simple to complex vascu-
lar structures, ensuring long-term stability under fluid flow irre-
spective of the complexity of the printed structures. Although all
three bioreactors could be used for our experiments, the final de-
sign resulted in the best performance in terms of robustness, and
handling.

2.2. Bioprinting of Vascular Structures with Different Fluid Flow
Dynamics

The next step in the development of functional bioreactors in-
volved the bioprinting of different vascular structures serving
as feeding vessels for the tumoroids positioned in the center
of the bioreactors. To achieve a native-like vascular architecture,
characterized by branching and curvature, and to replicate fluid

flow properties across distinct branches, we utilized 3D bioprint-
ing to create three different configurations of feeding vessels
(Figure 2). The different designs took the form of (i) a single-
branched oval channel, (ii) a double hexagon-shaped channel
with secondary branches, and (iii) two simple parallel straight
channels (Figure 2A).

High-resolution CT scanning was applied to provide accurate
measurements of the bioprinted structures (Figure 2A). The first
3D bioprinted structure was a single gelatin strand of 0.77 ±
0.05 mm in diameter that branched, creating an oval-shaped
space measuring 2.5 mm along the minor axis and 4.6 mm along
the major axis, with a total length of 16 mm. The second design
was more complex, featuring a double hexagon-shaped channel
with secondary S-shaped branches of 0.54 mm ± 0.02 in diame-
ter. To construct this design, we printed a single gelatin strand
that branched into two sequential hexagonal-shaped spaces of
6 mm. Within these spaces, we printed two smaller channels
in an S-shape. The entire length of this structure was 28 mm.
Finally, for the third design, we bioprinted two parallel gelatin
strands measuring 0.93 ± 0.14 and 28 mm in total length, with
an average distance of 6.5 mm between the channel walls. By us-
ing computational modeling, we estimated the fluid flow dynam-
ics, including flow velocity and wall shear stress across the differ-
ent vascular structure designs (Figure 2B,C; Figure S1, Support-
ing Information). By setting the volumetric flow rate to 0.1 mL
min−1 in the single-branched oval channel, we simulated max-
imum flow velocities of 4 mm−1 s at the entrance region of
the bioreactor. This may account for the occasional structural is-
sues observed in this particular area during the use of the first
type of bioreactors. We further simulated a uniform velocity and
shear stress within the parallel vascular structures. Conversely,
the more complex structure, which included primary and sec-
ondary branches, showed a decrease in both velocity and shear
stress in areas distanced from the primary channel (Figure 2B,C;
Figure S1, Supporting Information). Complementing our sim-
ulations, we utilized high-resolution CT measurements to con-
firm the post-printing shape and size of the channels, as well as
their stability after 24 h of perfusion. These assessments showed
an increase in circularity nearing unity, and diameters of 1.27
± 0.15 mm for the single-branched oval shaped channel, 1.30 ±
0.45 mm for the complex one, and 1.18 ± 0.12 mm for the par-
allel straight channels (Figure 2D,E). The data substantiate that
the bioprinted structures do not collapse under fluid flow con-
ditions. The increase in their size over time is likely related to a
combination of hydrogel contraction and pressure from circulat-
ing medium within the bioreactor.[32]

2.3. Development of Bioreactors Containing Mesoscopic
Vascularized Cancer Organoids

While Matrigel is widely used as an extracellular matrix
(ECM) analog, there are concerns about transmission of animal
pathogens and large batch-to-batch variability, (which can induce
a high heterogeneity in organoid composition and growth). These
have led to a growing interest in alternative natural and synthetic
polymer scaffolds.[33] Natural hydrogels, such as collagen and fib-
rin, are often utilized due to their high density of cell-binding
sites, ease of remodeling by resident cells, and off-the-shelf
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Figure 2. Evolution of printed vascular structures design. A) Photographs and 3D-rendered high-resolution CT images of the three different vascular-
like structures inside the bioreactors. B) Contour plots of flow velocity within the cross section of the printed vessel were obtained from numerical
simulation of fluid flow using Ansys CFX. The volumetric flow rate in channels was set to 0.1 mL min−1, which is the flow rate used in actual experiments.
C) Computation of wall shear stresses emphasizes differing values in branched versus straight channels. D,E) The bioprinted vascular structures were
scanned with high-resolution CT directly after printing, and after 1 d of dynamic cultivation to assess diameter and circularity, and to investigate stability
under conditions of fluid flow. The measurements indicate that channels remained round and did not collapse in response to fluid flow.
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Figure 3. Workflow for creating perfused mesoscopic artificial tumors. A) The process started with the placement of an ECM layer at the bottom of the
bioreactor to increase the adherence of the hydrogel to the glass slide (step 1). Vascular strands (gelatin mixed with EC) were bioprinted to form an
oval space in which a tumor spheroid in ECM containing either fibroblasts or fibroblasts and EC was positioned (steps 2 and 3). Finally, the bioreactor
was filled with ECM (step 4). B) Gelatin was removed and sterile perfusion was applied using a peristaltic pump in a recirculating flow loop. C) EC
organization and tumor spheroid growth were monitored by fluorescence microscopy.

availability.[34] Collagen hydrogels can be formed by adjusting the
pH and temperature of extracted collagen solutions.[35] However,
since collagen lacks mechanical strength, it is often combined
with fibrin gel to produce biofunctional blends with optimal me-
chanical properties.[27,34–36] A polymerized fibrin gel similar to a
physiological clot can be easily synthesized in vitro by mixing fib-
rinogen with thrombin and calcium chloride (CaCl2).[35,36] For the
development of our model, a naturally-derived fibrin-collagen hy-
drogel blend was used as ECM substitute. Transglutaminase, an-
tifibrinolytics tranexamic acid, and aprotinin were added to im-
prove the mechanical stability of the hydrogel for long-time cul-
tivation under fluid flow and to reduce degradation by resident
cells[25,27,37] (Figure S2, Supporting Information). This blend was
applied to coat our PEEK bioreactors to improve hydrogel adher-
ence to the glass bottom (Figure 3A). Next, a vascular-like struc-
ture was 3D-bioprinted directly inside the bioreactors using a vas-
cular bioink of gelatin mixed with EC (Figure 3A). This bioink
served as fugitive material.

A multicellular spheroid of cancer and stromal cells was har-
vested, resuspended in the fibrin-collagen hydrogel blend and po-
sitioned in the space comprised by the branched vascular struc-
tures (Figure 3A). To resemble the composition of the tumor
stroma, the hydrogel blend surrounding the tumor spheroid was
supplemented with fibroblasts or fibroblasts and EC (Figure 3A).
After solidification of the fibrin-collagen mixture at room tem-
perature, bioreactors were incubated at 37 °C in rotation to al-
low homogenous attachment of EC to the lumens’ walls while
the gelatin ink became liquid. The fugitive material was then
removed with warm PBS leaving endothelialized hollow cores.
Bioreactors were connected to a peristaltic pump in a recirculat-
ing fluid loop and dynamically cultivated for up to three weeks
(Figure 3B). The dynamic fluid flow regimen was applied at a
flow speed of 0.1 mL min−1, imparting wall shear stress values
of ≈0.01–0.03 dyn cm−2. The medium reservoir consistent of a
mix of growth media of the cell types used for the model, and
half of its content was changed every second day, following pre-
viously established protocols.[23] The formation of a continuous

EC monolayer, its maintenance over the course of weeks, and its
capacity to restrain the diffusion of large molecules were found to
be consistent with our previously reported work.[27] Importantly
for maintaining neutral hydrostatic pressure values within the
bioreactor, the milliliters of medium inside the flask reservoir
were set to match the height of the fluid flow inside the biore-
actors. The processes of vascular network development, tumor
spheroid growth, and flow dynamics were longitudinally moni-
tored via fluorescence microscopy (Figure 3C).

2.4. The Synergistic Crosstalk between Cancer and Endothelial
Cells Enables the Formation of Mesoscopic Vascularized Tumors

For the establishment of the model, we made use of the A431 hu-
man squamous carcinoma cell line, which is known for its high
secretion of VEGF and prominent angiogenic phenotype when
engrafted in animals.[38] These characteristics are in line with his-
tological observations of human surgical specimens of squamous
carcinomas that also display a high vascularization (Figure S3,
Supporting Information). Round and compact 3D MCTS of A431
cancer cells and fibroblasts were formed by means of hanging-
drop technique and their biofunctionality (including prolifera-
tion, collagen deposition and formation of hypoxic core) evalu-
ated histologically up to 15 d (Figure S4, Supporting Informa-
tion). Upon reaching a size of 300 up to 500 μm in diameter, A431
tumor spheroids were harvested and positioned in the bioreactor
together with ECM-laden stromal cells (Figure 4A–C; Figure S4,
Supporting Information).

A first aim was to investigate whether the presence of can-
cer cells influences the formation of a vascular network in the
space comprised by the bioprinted vascular strands. To this
end, bioreactors were cast with or without the addition of an
A431 tumor spheroid, while the initial concentration of EC and
stromal cells was kept constant (Figure 4C,D). After one week
of dynamic cultivation, a structured microvascular network de-
veloped (Figure 4C). The area of this self-assembled capillary
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Figure 4. The presence of tumor spheroids enhances vascularization of ECM hydrogel substitutes. A,B) Bright field images display a single-inlet glass
bottom bioreactor where branched gelatin strands are 3D-bioprinted to create an oval-shaped space. In the displayed example, a fibrinogen-collagen
hydrogel blend containing endothelial cells (GFP-HUVEC), stromal cells (fibroblasts and mesenchymal stem cells), and a tumor spheroid (DiD-labelled
A431, human skin squamous cell carcinoma) was cast. The position of the tumor spheroid within the hydrogel blend is indicated by the red arrow.
C,D) After seven days of dynamic cultivation, fluorescence microscopy images show a denser and more ramified vascular network between the two

Adv. Mater. 2024, 36, 2303196 2303196 (7 of 19) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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network was larger (Figure 4E) and contained longer (Figure 4F)
as well as more ramified vessels (Figure 4G) in presence of angio-
genic A431 tumor spheroids, as compared to the control condi-
tion (no tumor spheroid was embedded in the hydrogel matrix).
Additionally, the medium collected from bioreactors with tumor
spheroids upon one week of cultivation was strongly enriched
in cytokines and chemokines. Among those are GRO (CXCLs),
ENA-78 (CXCL5), IL6, IL7, IL8, MCP-1 (CCL2), and RANTES,
which are known to be critically involved in inflammation, im-
mune cell recruitment, and angiogenesis (Figure 4H,I).

Subsequently, the impact of the capillary vascular network on
tumor spheroid growth was investigated. To examine this, A431
tumor spheroids were inserted into the bioreactors together with
either EC and stromal cells, or stromal cells only in the surround-
ing ECM-mimicking hydrogel (Figure 5A(i–iv)). The longitudi-
nal assessment over 14 days of dynamic cultivation displayed
the formation of a well-organized vascular network at the meso-
scopic level, only in the presence of EC (Figure 5A(ii,iv)). Further-
more, after 14 d of dynamic cultivation, the average size of tumor
spheroids in the presence of both EC and fibroblasts increased
significantly more than in bioreactors containing only fibroblasts
in the surrounding hydrogel (1.67 ± 0.72 mm2 vs 0.63 ± 0.19
mm2, respectively) (Figure 5B). The latter observation highlights
the known dependence of tumor progression on angiogenesis.[22]

To rule out that in absence of a vascular network the cells are
deteriorating over time, a quantitative analysis of the whole biore-
actor content was performed using flow cytometry. Excellent cell
viability was found for both configurations (Figure 5C). More-
over, given that the configuration with EC and fibroblasts is bi-
ologically more relevant, a more extensive investigation regard-
ing cell viability was conducted. Dead cells were excluded from
the analysis via the 7AAD live/dead marker. After 7, 14, and 21
d of dynamic cultivation, cell viabilities of 92%, 91%, and 85%
were found, respectively (Figure 5D). Finally, in order to assess
changes in the cell composition over time, flow cytometry was
employed to differentiate between GFP-positive EC, RFP-positive
fibroblasts, and DiD-labelled cancer cells. The analysis showed a
progressive increase in the fraction of cancer cells (i.e., the most
proliferative population), but also an excellent preservation of the
other two cell populations for the full course of the experiment
(Figure 5E).

2.5. Refined Bioprinted Vascular Structures Trigger Vascular
Sprouting

Endothelial cells respond to both biochemical and mechanical
stimuli, which can influence their angiogenic potential and their
capacity to form sprouts.[40,41] In our study, we set to mimic the
sprouting process of EC from the 3D bioprinted vessel towards
inner sections of the hydrogel matrix. For this purpose, we used
bioreactors with bioprinted vascular structures and fibroblasts

and tumor spheroids in the space formed by the bioprinted vas-
cular strands. We initially hypothesized that modifying the tu-
mors’ position relative to the blood vessel could impact the forma-
tion of meaningful gradients of angiogenic factors, oxygen, and
pH within the construct, which are known triggers for sprouting
angiogenesis.[22] To this end, we adjusted the tumors’ position rel-
ative to the bioprinted vascular-like structure. However, moving
the tumor spheroids closer to the feeding vessel did not improve
the formation of EC sprouts.

Subsequently, we reduced the concentration of fibrinogen and
collagen. Our hypothesis was that a relatively high hydrogel con-
centration may hinder EC from sprouting or it may adsorb the
relevant pro-angiogenic growth factors secreted by cancer and
stromal cells, limiting their diffusion to target EC. The hypoth-
esis was formulated from existing literature, which has reported
that organ-on-a-chip models, designed to simulate angiogene-
sis, typically utilize very low concentrations of ECM components
(around 2.5 mg mL−1 of fibrinogen and 0.2 mg mL−1 of collagen,
which are approx. four times lower than the final hydrogel con-
centrations we used in our experiments, see extended materials
and methods section in the Supporting Information).[14,15,20] In
addition, previous research demonstrated a decrease in the for-
mation of vascular networks in both the length and diameter of
EC segments with increasing fibrinogen concentrations.[12,42] In
our experimental set-up, low hydrogel concentrations resulted in
decreased hydrogel water-retaining capacity, reduced mechanical
stability during dynamic cultivation, and EC regression after one
week of dynamic cultivation (Figure S2B, Supporting Informa-
tion). Therefore, low hydrogel concentrations were not consid-
ered in our final setup.

Finally, we applied our complex vascular design, consisting of
sequential hexagon-shaped channels and two small S-shaped in-
ner branches (Figures 2A and 6). This aimed to induce varia-
tions in lumen size, flow velocity, and wall shear stress. We po-
sitioned tumor spheroids among the S-shaped gelatin strands,
and observed an extension of vascular sprouts from the S-shaped
smaller branches. Mathematical flow modeling revealed that
these branches corresponded to regions with reduced values of
wall shear stress (Figure 2C). The sprouts formed and elon-
gated towards the interior of the ECM and towards the tumor
spheroids, measuring 200–500 μm in length. By day 14, the
sprouts were perfused with 10 μm beads and proved to be func-
tional (Figure 6B,C). The average flow velocity in newly formed,
elongated vascular sprouts was of 0.22 ± 0.12 mm−1 s. Most im-
portantly, the measured velocity of microbeads in different sec-
tions of the structure was in concordance with the simulated flow
velocity, strengthening the predictive power of our mathematical
modeling (comparison between Figure 2B and Figure 6C).

Our modified bioprinted vascular structures in the double cap-
illary bed provided more favorable conditions for the sprouting
of EC, resulting in the successful establishment of a functional
vascular network. These findings are consistent with recently

branched feeding vessels in the presence of tumor spheroids. Scale bar = 200 μm. E–G) Image analysis revealed that upon seeding the same initial
number of EC, the capillary bed was significantly denser and composed of longer and more branched tubular structures in the presence versus absence
of a tumor spheroid. H,I) Cytokine concentration % in the culture medium of bioreactors containing A431 spheroids after one week of cultivation versus
fresh culture medium. Data in (E)–(G) are displayed as means ± SD of n = 7–15 replicates (i.e., bioreactors) across n = 3–5 independent experiments.
Images in (D) were analyzed with AngioTool software.[39] Statistical significance was assessed via a Mann–Whitney test; *P < 0.05.
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Figure 5. Vascular networks and stroma contribute to the growth of tumor spheroids. A) Longitudinal fluorescence microscopy imaging showing the
growth of A431 tumor spheroids (DiD-labeled; in red) in the presence of EC (GFP-expressing HUVEC; in green) and stromal cells (RFP-expressing
fibroblasts; blue) over 3 and 14 d of dynamic cultivation. Among the two examined conditions (i.e., only fibroblasts (i,iii), or fibroblasts and EC (ii,iv) at
day 3 and 14), the sizes of the spheroids increased significantly more in the presence of EC. Interestingly, central necrosis was also identified in the larger
spheroids (iv; dark region in the spheroid), mirroring the in vivo situation. Scale bar = 500 μm. B) Quantitative analysis of spheroid sizes in absence
(gray) or presence (green) of EC. C) Percentage of live cells in bioreactors in absence (gray) or presence (green) of EC after 14 d of dynamic cultivation.
D) Percentage of live cells in bioreactors in presence of EC after 7, 14, and 21 d of dynamic cultivation. E) The cellular composition in the bioreactors after
7, 14, and 21 d of dynamic cultivation was assessed by flow cytometry, showing an increase in the fraction of cancer cells, as well as the preservation of
the endothelial and stromal cell populations. Data in B are displayed as mean ± SD of n = 5 bioreactors across n = 6 different independent experiments.
Data in (C)–(E) are described as mean ± SD of n = 3–6 bioreactors across n = 4 different independent experiments. Statistical significance in (B) was
assessed by a two-way Anova followed by Tukey’s test for multiple comparisons; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

published data demonstrating a higher number of vascular
sprouts to occur at locations of low shear stress in self-organized
capillary networks in PDMS chips.[43] These findings also
demonstrate the potential of our system for modeling complex
events in cancer biology in vitro at the mesoscopic scale.

2.6. The Self-Assembled Vasculature Infiltrates the Tumor
Spheroid and is Functional

A significant challenge in engineering vascularized tissues in
vitro is the replication of vascular functionality. The formation
of functional blood vessels is essential for ensuring the nutrient
and oxygen supply to cells and for studying the dynamics of drug
delivery. While the functionality of vascular structures and the
endothelium’s ability to restrict the diffusion of large molecules

have been confirmed in 3D bioprinted structures[25,27,29] and self-
organized vascular networks at submillimeter scale,[18–21,44] as
well as in case of EC patterned in porous hydrogel matrices,[30,45]

to the best of our knowledge, the functionality of a self-organizing
vascular network at the mesoscopic scale has yet to be demon-
strated.

To validate the functionality of our self-evolving vascularized
matrix, we cast bioreactors with tumor spheroids surrounded
by EC and stromal cells and cultivated them dynamically for
up to three weeks. In-depth analysis revealed that the self-
assembled capillary network had infiltrated the tumor mass,
sprouting into the first layers of the tumor spheroid (Figure 7A).
Moreover, upon observing the capillary network using multi-
photon microscopy, we discovered that it possessed open lu-
mens, highlighting its potential to transport macromolecules
(Figure 7B).

Adv. Mater. 2024, 36, 2303196 2303196 (9 of 19) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Inducing tumor angiogenesis: A) The schematic exemplifies the design of the bioprinted vascular structure (light green) and the positioning
of tumor spheroids (red). The vascular structure comprises two big, sequential hexagon-shaped channels and two small S-shaped inner branches.
Fluorescence microscopy images exemplify the arrangement of endothelial cells (GFP-expressing HUVEC, in green) and tumor spheroids (DiD-labelled
A431, in red) along the major axis of the construct (I). At day 14 of dynamic cultivation, an elongation of vascular sprouts was observed, which extended
towards the interior of the ECM (ii) and towards the tumor spheroids (iii). B) The elongated vascular sprouts were perfusable with 10 μm large beads
(blue). Their change in position in two consecutive images illustrates their movement through the newly formed vessel. Scale bar in A-(i) = 200 μm and
in A-(ii),(iii) = 500 μm. Scale bar in (B) = 200 μm. C) The flowing beads were analyzed to quantify velocity in different sections of the vascular structures.
Data are displayed as velocity values of n = 10 individual beads flowing in 4 different vascular sections. Statistical significance was assessed by a Welch
ANOVA test with Dunnett’s multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

To take it a step forward, we perfused the system with red blood
cells (RBC) after one week of dynamic cultivation. The RBC were
introduced in the recirculating flow loop and the bioreactors were
observed for up to 24 h by means of fluorescence microscopy.
In this setting, RBC appeared black due to light absorbance by
hemoglobin. Our results demonstrate that the self-assembled
network anastomosed with the bioprinted endothelium and that
functional connections were established between two structures
(Figure 7C). Most importantly, by focusing on the areas where the
self-assembled vascular network anastomosed with the 3D bio-
printed endothelium, we observed the presence of erythrocytes
inside capillaries with 15–25 μm in diameter (Figure 7D). By dy-
namically monitoring RBC, we discovered that they were able to
flow through the capillaries with an average velocity of 0.1 mm−1

s (Figure 7E). This value lies within the range of experimental
data reported in the literature for various solid malignancies in
vivo, specifically in the range of 0.0001–0.17 mm−1 s,[46,47] thus
corroborating the proper vascular functionality of our model.

2.7. Cancer Cell Migration, Invasion, and Metastasis

Treatment-resistant metastatic disease accounts for the major-
ity of deaths in cancer patients. Metastasis is a complex, multi-
stage biological process that includes cancer cell migration, ex-
travasation out of the blood vessels, survival, and proliferation.
Therefore, a 3D model aiming to simulate the metastatic cascade
must provide a realistic microenvironment with space for cancer

Adv. Mater. 2024, 36, 2303196 2303196 (10 of 19) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 7. The self-organized vascular network surrounding the tumor spheroid is functional. A,B) Confocal (A) and 3D multiphoton (B) microscopy
proves vascular sprouting into the tumor spheroid (indicated by the asterisks) and the formation of hollow structures (white arrow) after 21 d of dynamic
cultivation. Scale bar in (A) and (B) = 25 μm). C) The capillary network’s functionality was assessed by the circulation of red blood cells (RBC). An RBC
(white dashed circle) inside a newly formed vessel is highlighted. The dotted line indicates the border between the printed channel and the matrix. Scale
bar = 50 μm. D) Time-lapse images show the RBC motion by indicating three different positions (dashed circles) inside a 25 μm-wide capillary. E) The
quantification of the velocity of RBC flowing inside the vascular structures is presented as box plot. Data are presented as mean velocity values expressed
as mm−1 s of n = 10 individual RBC.

cells to migrate, perfused vessels, and it must allow long term
observation to let the process occur spontaneously.

In this study, we assessed the role of the self-evolved vas-
cular network in cancer cell migration by incorporating tumor
spheroids into bioreactors with either both EC and fibroblasts
or only fibroblasts in the surrounding hydrogel matrix. The tu-
mor spheroid was strategically positioned at a distance of 500–
800 μm from the bioprinted endothelium, thereby excluding any
direct perturbations of fluid flow on the spheroid. After 7 d
of dynamic cultivation, large-field confocal images showed the
tumor spheroid still distant from the bioprinted endothelium
(Figure 8A). In contrast, confocal images taken after 21 d re-
vealed a significant change: cancer cells had bridged the space
that initially separated the tumor spheroid from the vascular sup-
ply, infiltrating both the self-assembled vascular network and the
bioprinted endothelium (Figure 8B–D). We investigated the pres-
ence of migrating and potentially metastatic cancer cells in media
collected from bioreactors over 7, 14, and 21 d of dynamic culti-

vation. In the absence of EC in the matrix surrounding the tumor
spheroid, no cancer cells were found in the culture media at day
7, with only a few appearing by day 14. In contrast, when EC were
present in the matrix, cancer cells were detectable in the culture
medium as early as day 7, and their number increased 11-fold by
day 14 and 17-fold by day 21 (Figure 8E). By day 21 of dynamic
cultivation, we calculated a release of ≈200 cancer cells per biore-
actor into the circulating medium, a number significantly higher
than that observed in the absence of EC surrounding the tumor
spheroid (Figure 8E).

Taken together, these results underscore that a functional, self-
assembled vascular network capable of forming connections with
the bioprinted endothelium (as shown in Figure 7) not only al-
lows for the flow of RBC and beads, but also for the spontaneous
migration of cancer cells from the initial tumor cell mass into
the circulation. Thus, beyond the novelty of an autonomously
grown vasculature, the development of a model with the spatial
and temporal ability to mimic the onset of cancer cell metastasis

Adv. Mater. 2024, 36, 2303196 2303196 (11 of 19) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202303196 by R
w

th A
achen H

ochschulbibliothek, W
iley O

nline L
ibrary on [17/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 8. Presence of a vascular network surrounding tumor spheroids enables dissemination of cancer cells into circulating medium. A) Confocal
microscopy image shows the separation between the tumor spheroid (DiD-labeled A431 cancer cells; in red) and the bioprinted endothelium (GFP-
expressing HUVEC; in green) at 7 d of dynamic cultivation. B–D) At 21 d of dynamic cultivation, cancer cells have infiltrated deep in the ECM (B, C-i),
and were found both in the bioprinted endothelium (B, C-ii), and inside the self-assembled capillaries (D). E) The number of DiD-labeled cancer cells
found in fluid flow increased over time of dynamic cultivation, and was significantly higher when both EC and fibroblasts (vs fibroblasts alone) were
present in the surrounding of the tumor spheroid. Data are displayed as mean ± SD of n = 8–18 technical replicates, acquired from n = 2–6 bioreactors,
across n = 4 independent experiments. Statistical significance was assessed by a two-way Anova followed by Tukey’s test for multiple comparisons;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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represents a significant advance in both materials science and the
biological aspects of tumor modelling.

2.8. 3D Mesoscopic Tumors Resemble Stromal and Vascular
Features of Patient-Derived Xenograft Models in Mice

A crucial aspect in the development of physiologically relevant
models of human malignancies in vitro, is the capacity to re-
produce key features of the disease in vivo, including specific
phenotypic and molecular signatures. For validating the transla-
tional potential of our approach, we set to use it for the cultivation
of patient-derived material. We utilized previously established
cell lines enriched with breast cancer stem cells (BCSC).[48–50]

These were isolated from individual patient tumors subjected
to neoadjuvant chemotherapy and classified as triple-negative
breast cancer.[48] BCSC are promising targets for the develop-
ment of novel anticancer therapies, as they are considered to be
responsible for both cancer metastasis and therapy resistance.[51]

Previous data revealed BCSC to be highly tumorigenic in mice,
where they form tumors that recapitulate the architecture of the
original patient material.[48,50]

We selected two BCSC cell lines, which were isolated from
two TNBC patients, namely BCSC1 and BCSC2. These cell lines
demonstrated distinct characteristics in both their original pa-
tient specimens and upon engraftment in mice. The tumors har-
vested from mice engrafted with BCSC1 appeared as round and
pale masses, which is indicative of poor tumor vascularization. In
contrast, the tumors from mice engrafted with BCSC2 appeared
significantly red and hemorrhagic (Figure 9A). On histological
analysis via Picrosirius red staining, BCSC1 displayed abundant
collagen deposition around and within the tumor parenchyma
(Figure 9A). CD31 staining revealed the presence of few ves-
sels, mostly collapsed or squeezed between BCSC1 cancer cell
sheets (Figure 9A). The histological analysis of BCSC2 speci-
mens showed hemorrhagic necrosis on H&E staining, and col-
lagen fibers surrounding the tumor lesion, forming a peripheral
fibrotic rim, but they did not display strong infiltration into the tu-
mor (Figure 9A). With respect to vascularization, CD31 staining
revealed numerous blood vessels with open lumens (Figure 9A).
Quantification confirmed the visual observation, revealing mean
values of collagen area fraction % of 5.6 for BSCS1 and 1.7 for
BCSC2 (p-value = 0.055), and mean values of CD31 area frac-
tion % of 1 for BCSC1 and 2.8 for BCSC2 (p-value = 0.057)
(Figure 9C).

BCSC isolation and 2D-culture were performed under defined
conditions, including serum-free culture medium, Rho-kinase
inhibitor, 2% Matrigel, and low oxygen environment. Therefore,
although Matrigel has limitations, identical conditions were ap-
plied for the 3D cultivation of BCSC spheroids, which were em-
bedded with stromal cells and EC in a serum-free fibrin-collagen
hydrogel mix containing 2% Matrigel upon reaching mean sizes
of 300 μm. Shifting from a Matrigel-containing environment to
a Matrigel-free one could potentially induce alterations in BCSC
growth rate and phenotype, which we wanted to avoid in order
to maintain the physiological features of our model. Neverthe-
less, we wish to highlight that our use of Matrigel was limited to
2% in our hydrogel mix. This represents a significant improve-

ment over previous studies involving BCSC, which solely relied
on pure Matrigel for 3D cultivation of BCSC spheroid.[52]

During 3D cultivation, both BCSC1 and BCSC2 increased
in size and interacted with their environment (Figure 9B).
BCSC1 (red) demonstrated preferential interaction with fibrob-
lasts (blue), which progressively surrounded and infiltrated the
tumor spheroid, resulting in magenta color on merged images
indicative of colocalization between cancer cells and fibroblasts
(Figure 9B,D; Figure S6, Supporting Information). Interestingly,
between six and nine days of 3D cultivation, migration of single
cancer cells and finger-like projections were visible (Figure 9B).
To further validate this observation, fluorescence-labeled can-
cer cells were identified in the media collected from bioreactors
where BCSC1 spheroids were cultivated (Figure S6, Supporting
Information). Conversely, akin to observations made in murine
histological specimens, BCSC2 were strongly vascularized, show-
ing interactions between cancer cells and EC (Figure 9B). This
interaction promoted EC sprouting into the tumor spheroids
(Figure 9B,E). However, BCSC2 grew much slower and did not
show the invasive phenotype of BCSC1. In line with this, only
BCSC1 were detected in the culture medium (Figure S6C, Sup-
porting Information).

Additional comparative analysis of gene expression profiles of
key markers involved in angiogenesis (e.g., VEGFR2, PECAM-1,
Ang2) and ECM production/remodeling (e.g., Collagen 1, Colla-
gen 6, fibronectin, MMP2, MMP9) confirmed the more angio-
genic features of BCSC2 as compared to BCSC1, as evidenced by
the statistically significant increased expression of, e.g., VEGFR2
and Ang2 (Figure 10A).

For the BCSC1 model, mouse xenograft tumor tissue was avail-
able for comparison (note that the mouse xenografts are geneti-
cally similar to the original patient tumor,[48] which is discussed
later). The gene expression pattern of BCSC1, cultivated in our
bioreactors, was more similar to mouse xenografts than that of
regular spheroids (Figure 10B). These data indicate that our bio-
engineering approach is suitable for the cultivation of patient-
derived material and that it has the potential to capture the phe-
notypic heterogeneity of human malignancies, similar to in vivo
engraftment of cancer cells in mice.

3. Discussion

There is great interest in finding alternatives for animal ex-
perimentation. Advancements in microfabrication and microflu-
idics have contributed to the creation of vascularized multicel-
lular models and the emergence of human-relevant preclini-
cal models.[53,54] The most common approaches either comprise
PDMS microfluidic chips or 3D bioprinting to form vascular like-
structures.

Every approach has unique advantages and challenges. Mi-
crofluidic chips, for instance, allow high throughput at relatively
low material costs.[53] The single-plane arrangement of cells also
simplifies the visualization of cell–cell interactions.[13] In mi-
crofluidic chips, the formation of a functional vasculature is
achieved by merging the inherent ability of EC to form capil-
lary networks in 3D matrices with a specific chip design. This
design includes microposts positioned at a distance of ≈100 μm
apart that delineate the media from the cell-hydrogel and
create entry points to the vasculature.[15] However, this design

Adv. Mater. 2024, 36, 2303196 2303196 (13 of 19) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 9. The 3D mesoscopic artificial tumors mimic stromal and vascular features of patient-derived xenografts in mice. A) Bright field images of
harvested BCSC1 and 2 tumors, histological analysis of collagen I and III deposition (Picrosirius Red staining) and blood vessels (CD31 staining)
exemplified the phenotypic differences between two patient-derived triple-negative breast cancer stem cell xenografts, i.e., the poorly vascularized and
fibrotic BCSC1, and the highly vascularized BCSC2. B) Homo-spheroids of BCSC1 and BCSC2 were embedded in the ECM-mimicking hydrogel along with
fibroblasts and EC. Upon 3D dynamic cultivation, BCSC1 displayed higher interaction with fibroblasts (blue) over EC (green), whereas BCSC2 showed
strong interaction with the surrounding vascular network, which progressively infiltrated the tumor spheroid. C) Quantification of Picrosirius Red and
CD31 staining on murine histological specimens confirmed higher desmoplasia (i.e., collagen content) in BCSC1 tumors and higher vascularization (i.e.,
CD31 area fraction) in BCSC2 tumors. D) Colocalization analysis (computing of magenta area fraction) between fibroblasts (blue) and BCSC spheroids
(red) indicated higher values for BCSC1 as compared to BCSC2. E) Colocalization analysis (computing of yellow area fraction) between endothelial cells
(green) and BCSC spheroids (red) confirmed higher values for BCSC2 as compared to BCSC1. Data are displayed as means ± SD of n = 3–4 biological
replicates in (C), n = 5 replicates in (D). E) Statistical significance was assessed by a two-way Anova followed by Tukey’s test for multiple comparisons.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 10. Fibrogenic and angiogenic gene expression. A) Quantitative real-time PCR (qPCR) was applied to compare the expression levels of genes
involved in angiogenesis, ECM deposition, and remodeling between BCSC1 and BCSC2. The selected target genes were normalized to the expression
of the housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), to ensure consistency across samples. The results revealed a statis-
tically significant lower expression of collagen 1, collagen 4, MMP9, MMP14 in BCSC2 as compared to BCSC1, and a significantly higher expression of
angiogenesis-related markers, including VEGFR2, ANG2, PECAM1, and 𝛼SMA. B) Gene expression analysis shows that BCSC1 spheroids cultivated in
our bioreactors more closely resemble BCSC1 tumors grown in mice, compared to BCSC1 spheroids alone. Data are presented as relative fold change
in gene expression of n = 3 replicates. Statistical significance was assessed via (A) an unpaired t test with Welch’s corrections (A) and a Kruskal–Wallis
test with Dunn’s corrections for multiple comparisons in (B); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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is somewhat artificial, as its functionality is more forced than
naturally evolved. Furthermore, spatial restrictions in microflu-
idic chips, often characterized by an inner height of less than
500 μm, limit the growth of tumors to millimeter-sized scales,
which are most relevant clinically.[13,20,21,23,55] Additionally, most
microfluidic technologies have a limited lifespan, often just six
days, restricting the observation time required for many relevant
biological processes to spontaneously occur, such as metastasis.
Although PDMS chips have been successfully employed to emu-
late discrete steps of the metastatic cascade in vitro, the methods
often require introducing cancer cells as suspensions into the
system via a lateral media port. By applying a hydrostatic pres-
sure drop, the cells are forced into the vascular network, where
they arrest and grow, establishing “micrometastases”.[13,56–58] Al-
ternatively, cells may be positioned on top of a microvascular
network.[59] However, neither of these approaches really mimic
the entire cascade of cancer cell activation (e.g., by hypoxia gradi-
ents and cytokines), migration, and interaction with and crossing
of the endothelium.

Our methodology differs from conventional microfluidic ap-
proaches by combining bioprinting and bioengineering tech-
niques to create a mesoscopic, physiological 3D tumor model.
We bioprinted tumor feeding vessels with natural vessel con-
formation, including curves, anastomoses, and variations in lu-
men size. Bioprinting vascular channels with natural shapes ad-
dresses the relationship between vessel structure and internal hy-
drodynamic properties, which stimulate mechanotransduction
in endothelial cells, thus affecting gene expression, cell adhe-
sion, and the expression of angiogenesis-related factors.[17,60–62]

Our PEEK bioreactor with optically transparent windows allowed
real-time monitoring of cell growth, and its inner spaces of
centimeter thickness could contain sufficient volumes of hy-
drogel for long-term durability while enabling growth of bi-
ological material beyond the micrometer scale. We utilized a
high concentration of cells (10 million cells per ml of hydro-
gel blend) to mimic the cellularity and basic composition of
tissues in vivo. The self-evolved vascular structure infiltrates
the tumor spheroids, forms spontaneous and functional con-
nections with the bioprinted endothelium, and proved per-
fusability to erythrocytes and 10 μm polystyrene μbeads. We
dynamically monitored erythrocytes and beads, finding that
their movement through self-assembled capillaries matched the
flow velocities reported in literature for various in vivo solid
malignancies.[46,47] The successful establishment of spontaneous
and functional connections between the self-assembled vas-
cular network and the bioprinted endothelium is a strength
of this platform, opening perspectives for research on drug
delivery and cell therapies. Furthermore, we observed cancer
cells spontaneously departing from a tumor spheroid, invad-
ing into the self-assembled vascular network, and migrating
through the bioprinted endothelium into the fluid flow. Our
system marks a significant advance in the field by allowing
the observation of the spontaneous transition of an in vitro tu-
mor to a metastatic phenotype, up to the intravasation stage.
In the future, this approach could potentially be extended to
mimic the entire metastatic cascade by linking the artificial
tumor model to, for example, a second bioreactor containing
a tissue model that replicates a secondary site for cancer cell
colonization.

Despite a lower throughput when compared to microflu-
idic chips, 3D bioprinting of vascular-like structures inside
millimeter-sized devices, combined with other bioengineering
strategies, including the use of matrices with prefabricated
porosities, has expanded the scale and durability of vascular-
ized tissue structures.[4,25,29,30] These approaches have shown
promise for cultivating patient-derived material, particularly for
high medical need diseases and inaccessible malignancies, such
as glioblastoma. For example, 3D cultivation of patient-derived
glioblastoma and stromal cells was successfully sustained by bio-
printing of a vascular-like structure inside a customized PDMS
chamber.[28] A high-density EC and pericyte cell suspension was
injected into the hollow structure after removal of the sacrifi-
cial material. 2D-cultured cancer and stromal cells were resus-
pended in a hydrogel-based ECM substitute consisting of fib-
rin and gelatin. The functionality of the bioprinted vessel model
was demonstrated by injecting high MW dextran, which was re-
tained by an endothelium-like structure. Even though the pro-
cess of tumor angiogenesis was not detailed in that study, cancer
cells grown in the 3D platform displayed growth curves, drug re-
sponses, and gene expression patterns that were comparable to
those of orthotopic cancer mouse models. Similarly, we success-
fully cultivated patient-derived material in our platform, recapit-
ulating the heterogeneous interactions of cancer cells with their
microenvironment. Tumors grown in our bioreactors not only
better resembled genetic signatures of tumors engrafted in mice
as compared to standard 3D tumor spheroids, but also captured
the human malignancies’ heterogeneity, thereby further substan-
tiating the usefulness of our mesoscopic in vitro models.

The use of mesoscopic models has allowed for the cultivation
of tumor spheroids in between vascular-like parallel channels for
extended periods of up to 70 d.[63] Although the process of tu-
mor vascularization was not reported, that method allowed for
long-term assessment of tumor spheroid growth and therapy re-
sponse using noninvasive high-resolution fluorescence molecu-
lar tomography. It is noteworthy that clinical imaging modali-
ties (e.g., MRI) that can provide important noninvasive insights
into tissue morphology, tumor volume, cellularity, metabolism,
and vascular structure and function can only be applied in meso-
scopic models, such as the chorioallantoic membrane (CAM)
model.[64] Operating at the mesoscopic scale bridges a critical gap
between microscale models, which often miss crucial multicellu-
lar interactions, and the macroscale of in vivo models, which are
heterogeneous and strongly influenced by their environment and
host. The mesoscopic in vitro models capture the best of both, the
micro and macro scale: on the one hand, they enable a high de-
gree of standardization and the possibility to systematically study
the particular impact of added cells or drugs, and on the other
hand the mimicking of a (patho-)physiological environment with
pressure and oxygen gradients, spontaneous stroma formation,
necrosis, tumor cell invasion, metastasis, and tumor sizes that
are clinically representative.[4,65] The mesoscopic scale also of-
fers sufficient space for cellular proliferation, organization, motil-
ity, and long-term observation to let these process occur sponta-
neously.

Overall, mesoscopic in vitro models, such as the one we pro-
pose, can potentially be used in the future to screen drug re-
sponses, test new therapeutic strategies (including immunother-
apies that require complex cellular interactions), and obtain
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information at the molecular level in a more physiological en-
vironment than traditional 2D cell cultures allows.

4. Conclusion

We established a platform where tumor spheroids embedded in
ECM mimics can grow naturally to the mesoscopic scale and in-
teract with the surrounding vascular network. Importantly, the
capillary network infiltrates the spheroids and is functional, mir-
roring the complex and dynamic interactions between tumors
and their microenvironment in vivo. In addition, the conversion
of the spheroids to an invasive and metastatic tumor could be
tracked the presence of migrating cancer cells in the circulat-
ing fluid was demonstrated. Finally, by utilizing a modular ap-
proach, we are able to cultivate patient-derived material and cap-
ture the phenotypic heterogeneity of human malignancies. This
novel 3D platform has the potential to improve the predictive
power of in vitro experimentation in basic cancer research and
drug development, thus, contributing to the reduction of animal
use.

5. Experimental Section
The bioreactors were modeled using Autodesk Inventor and made of

PEEK using CNC milling. The bioreactors were functionalized with stain-
less steel Luer-lock adapters and connected to oxygen-permeable sili-
cone tubing for dynamic cultivation. All components are autoclavable,
biocompatible, chemically resistant, and were sterilized before assembly.
The bioprinting process was performed in a sterile environment com-
prising a custom-made housing system equipped with sterile-filtered air
and a cooling system. The vascular bioink used in the bioprinting pro-
cess consisted of gelatin mixed with EC, which was extruded through a
micro-extrusion bioprinter. A fibrinogen-collagen hydrogel blend was cho-
sen as a mimic of the ECM and prepared as already described.[24,25,27] The
ECM blend was used to harvest EC, stromal cells, and tumor spheroids,
which were positioned inside the bioreactors in the space comprised by
the bioprinted gelatin strands. After the hydrogel blend solidified, the
bioreactor was incubated at 37 °C for the gelatin to liquefy and the EC
to settle. Dynamic flow regimes were applied through the vascular net-
work in a recirculating fluid loop. Bioreactors were cultivated for up to
three weeks and longitudinally monitored using fluorescence microscopy.
Perfusion of the system with erythrocytes or fluorescent polystyrene mi-
crobeads was used to test the network’s functionality. All data are pre-
sented as mean ± standard deviation (SD). The number of experimen-
tal replicates and statistical analyses are indicated in the figure leg-
ends. Further explanation on the materials and methods and the scien-
tific conduct is presented in Figure 2 and in the Experimental Section
(Supporting Information).
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Supporting Information is available from the Wiley Online Library or from
the author.
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