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Abstract
Breast cancer develops in close proximity to mammary adipose tissue and interactions with the
local adipose environment have been shown to drive tumor progression. The specific role,
however, of this complex tumor microenvironment in cancer cell migration still needs to be
elucidated. Therefore, in this study, a 3D bioprinted breast cancer model was developed that allows
for a comprehensive analysis of individual tumor cell migration parameters in dependence of
adjacent adipose stroma. In this co-culture model, a breast cancer compartment with
MDA-MB-231 breast cancer cells embedded in collagen is surrounded by an adipose tissue
compartment consisting of adipose-derived stromal cell (ASC) or adipose spheroids in a printable
bioink based on thiolated hyaluronic acid. Printing parameters were optimized for adipose
spheroids to ensure viability and integrity of the fragile lipid-laden cells. Preservation of the
adipogenic phenotype after printing was demonstrated by quantification of lipid content,
expression of adipogenic marker genes, the presence of a coherent adipo-specific extracellular
matrix, and cytokine secretion. The migration of tumor cells as a function of paracrine signaling of
the surrounding adipose compartment was then analyzed using live-cell imaging. The presence of
ASC or adipose spheroids substantially increased key migration parameters of MDA-MB-231 cells,
namely motile fraction, persistence, invasion distance, and speed. These findings shed new light on
the role of adipose tissue in cancer cell migration. They highlight the potential of our 3D printed
breast cancer-stroma model to elucidate mechanisms of stroma-induced cancer cell migration and
to serve as a screening platform for novel anti-cancer drugs targeting cancer cell dissemination.

1. Introduction

The complex environment in whichmalignant tumor
cells grow is decisive for processes that trigger can-
cer progression [1, 2]. The interplay between tumor
cells and their surrounding tissue, the tumor stroma,
has been shown to have distinct effects on tumor-
promoting processes such as tumor cell prolifera-
tion, differentiation, and migration [3, 4]. Migration
as a key feature of malignant tumor cells enables

local spreading of the primary tumor and further
metastasis to distant tissues or organs, which rep-
resents a major challenge in the prognosis and ther-
apy of aggressive cancers such as triple-negative
breast cancer (TNBC) [5]. Specific parameters that
define cell movement in a 3D environment, such
as speed and persistence, are considered import-
ant determinants for the dissemination and meta-
static capacity of the primary tumor. However, it
remains to be elucidated in detail whether and how
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such migration characteristics are affected by stromal
cells. Conventional, widely employed assays, such as
wound-healing and transwell assay, cannot properly
reflect the movement of cells in the complex con-
text of the tumor microenvironment (TME) and do
not allow for a detailed analysis of such migration
parameters [6, 7].

In vivo, themovement of cancer cells takes place in
three-dimensional tissue and is strongly influenced by
a variety of cellular, biochemical, and physical factors
in this environment. The development of 3D plat-
forms that mimic the pathophysiology of the tumor-
stroma niche could enable a more in-depth analysis
of specific tumor cell migration traits as a function of
stromal components. This is crucial to better under-
stand the underlying mechanisms and may help to
identify specific biomarkers in this process as a basis
for the development of novel drugs and therapies that
target dissemination of tumor cells [8, 9].

3D bioprinting, as one of the most promising
techniques in the field of biofabrication, offers the
possibility to create 3D architectures with different
cell types and matrix materials precisely positioned
in a spatially controlled and reproducible manner [1,
10]. To date, 3D printed tumor-stroma models that
demonstrate migration of cancer cells at all are rare
[11, 12]. These studies have either provided endpoint
imaging without quantification of migration [11], or
they investigated migration in response to growth
factor-laden capsules embedded in hydrogels [12]. A
biofabricated 3Dmodel that provides spatiotemporal
resolution of different aspects of stroma cell-induced
cancer cell migration has not been established.

In mammary tumors, adipose tissue constitutes
an important part of the TME. The importance of
adipose-derived stromal cells (ASCs) and adipocytes
in breast cancer progression is increasingly acknow-
ledged. Adipose and breast cancer cells are in close
vicinity and interact mutually, mainly through the
secretion of growth factors and cytokines, causing
structural and metabolic changes of the adipose tis-
sue. This in turn can promote, among other effects,
migration and invasion of adjacent breast tumor cells,
contributing to tumor cell aggressiveness [13–16]. To
decipher the impact of this intricate mutual interac-
tion on the migration behavior of tumor cells, 3D
co-culture models with breast cancer cells and adipo-
cytes or ASCs, allowing both the reciprocal crosstalk
and themigration of tumor cells in a more native-like
3D environment, would be of great benefit [17]. Few
studies have attempted to include adipose stroma in
3D printed breast cancer models [11, 18, 19], how-
ever, knowledge on the impact of ASCs and adipo-
cytes on specific parameters of breast cancer cell
migration is still lacking.

In a previous study, we presented a 3D adipose
tissue-breast cancer model based on printed ASC
spheroids that were differentiated into adipose

microtissues post-printing [19]. When co-cultured
with MDA-MB-231 breast cancer cells in the printed
constructs, the adipose spheroids revealed patho-
physiological alterations such as reduced lipid con-
tent and profibrotic extracellular matrix (ECM)
remodeling characteristic for the breast cancer niche.
However, this model did not allow for examination
of cancer cell migration [19].

In the present study, we developed an advanced
bioprinted tumor-stroma model for the investigation
of the impact of adipose microtissues on the migra-
tion of breast cancer cells in a native-like 3D envir-
onment. The set-up allowed us to analyze specific
migration parameters based on live-cell imaging. ASC
or pre-differentiated adipose spheroids were prin-
ted in a hyaluronic acid-based bioink in an annular
shape filled with collagen I containing triple-negative
MDA-MB-231 breast cancer cells. To ensure integrity
and functionality after extrusion-based bioprinting,
stromal spheroids were characterized regarding viab-
ility, adipose phenotype, tissue-specific ECM, and
secretion behavior. The real-time analysis of tumor
cell migration in the printed modular tumor-stroma
model revealed that ASC and adipose spheroids dis-
tinctly increased the keymigration parameters motile
fraction, persistence, invasion distance, and speed of
the MDA-MB-231 breast cancer cells.

2. Materials andmethods

2.1. Cell culture
Human ASCs were obtained from Lonza (Basel,
Switzerland; female donor, age 44, BMI 33).
ASCs were cultured at 37 ◦C and 5% CO2 in
growth medium consisting of Dulbecco’s Modified
Eagle’s Medium/Ham’s F-12 (DMEM/F-12; Life
Technologies, Carlsbad, USA) supplemented with
10% fetal bovine serum (FCS; Life Technologies),
1% penicillin/streptomycin (100 U ml−1 penicillin,
0.1 mg ml−1 streptomycin; Life Technologies), and
3 ng ml−1 basic fibroblast growth factor (BioLegend,
London, United Kingdom). Growth medium was
changed every other day until cells reached 80%–
85% confluency. Then, cells were passaged or har-
vested using 0.25% trypsin-EDTA solution (Life
Technologies). For all subsequent experiments, cells
at passage 6 were used.

MDA-MB-231 breast cancer cells (ATCC,
Manassas, USA) were cultured in DMEM (1 g l−1

glucose, Life Technologies) supplemented with 10%
FCS, 1% L-glutamine, 1% MEM non-essential
amino acids solution, 1% sodium pyruvate, 0.6%
HEPES, and 1% penicillin/streptomycin (all Life
Technologies, Carlsbad, USA) at 37 ◦C, 5%CO2 until
cells reached 80%–85% confluency. MDA-MB-231
is a highly aggressive, invasive and poorly differenti-
ated TNBC cell line that lacks estrogen receptor and
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progesterone receptor expression, as well as human
epidermal growth factor receptor 2 amplification.

2.2. Spheroid generation and adipogenic
differentiation
Spheroids were obtained utilizing agarose molds
cast by MicroTissues® 3D Petri Dishes® (16 × 16
array, Sigma-Aldrich, St. Louis, USA) following the
manufacturer’s instructions. 640 000 ASCs/agarose
mold were cultured in basal medium consisting
of Preadipocyte Basal Medium-2 (Lonza, Basel,
Switzerland) supplemented with 10% FCS and 1%
penicillin/streptomycin for 2 d, resulting in the
assembly of 256 multicellular spheroids per agarose
mold (2500 cells/spheroid). Spheroids were then cul-
tured for a further 9 d in basal medium, with media
exchange every other day, and named ‘ASC spher-
oids’ in subsequent experiments. Alternatively, after
the 2 d of spheroid assembly, adipogenic differen-
tiation was induced by culture in adipogenic differ-
entiation medium consisting of Preadipocyte Basal
Medium-2 supplemented with 10% FCS, 1% peni-
cillin/streptomycin, and insulin (final concentration
1.7 µM; PromoCell, Heidelberg, Germany), dexa-
methasone (1 µM; Sigma-Aldrich, St. Louis, USA),
3-isobutyl-1-methylxanthine (IBMX, 500 µM; Serva-
Electrophoresis, Heidelberg, Germany) and indo-
methacin (200 µM; Sigma-Aldrich, St. Louis, USA)
for 9 d, with media exchange every other day. These
spheroids were named ‘adipose spheroids’ in sub-
sequent experiments.

2.3. Preparation of hyaluronic acid-based
hydrogels
Thiol-modified hyaluronic acid (HA-SH; 241 kDa)
and allylated polyethylene glycol (PEG-diallyl; 6 kDa)
were synthesized as previously described [20]. For
hydrogel preparation, HA-SH was dissolved in
HEPES buffer (154 × 10−3 M, pH = 7.6) supple-
mented with 4mMCaCl2 (Carl Roth) to reduce shear
stress-induced cell damage during bioprinting [21].
Remaining hydrogel components acrylated poly-
ethylene glycol (PEG-diacryl; Creative PEGWorks;
10 kDa), PEG-diallyl and lithium-phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, Sigma-Aldrich)
were dissolved in Dulbecco’s Phosphate Buffered
Saline (DPBS, Life Technologies) separately and
mixed with HA-SH stock solution, resulting in a
final hydrogel precursor solution of 0.5 wt% HA-SH,
0.25–1.50 wt% PEG-diacryl, 1.20 wt% PEG-diallyl,
0.05 wt% LAP and 2 mM CaCl2. Concentrations of
PEG-diacryl were varied to establish the optimum
ratio of thiol to acryl groups for pre-crosslinking.

2.4. 3D printing and bioprinting
Printability of pre-crosslinked hydrogel formulations
was assessed by manual extrusion utilizing a posit-
ive displacement pipette (Gilson, Middleton, WI) or

a BioX 3D bioprinter (Cellink, Boston, MA). G-codes
for grid structure and filament fusion tests were cre-
ated with HeartWare (Cellink, Boston, MA; version
2.4.1).

For 3D bioprinting, ASC or adipose spheroids
(2500 cells per spheroid) were suspended in the
hydrogel precursor solution (4800 spheroids/ml),
transferred to 3 cc printing cartridges (Nordson
EFD, Westlake, OH) and pre-crosslinked for 1 h.
A DC 200 dispensing unit (Vieweg, Kranzberg,
Germany) was used to evaluate bioprinting with dif-
ferent nozzles. Spheroid-hydrogel suspensions were
extruded through a 330 or 840 µm steel nozzle
(Nordson EFD, Westlake, OH; 25.4 mm length)
at 40–200 kPa under sterile conditions and collec-
ted in a reaction tube. Extruded as well as cast
spheroid-hydrogel suspensions were transferred into
glass rings (40 µl, 5 mm diameter, 2 mm height),
generating constructs of the same geometry for both
printed and cast groups to enable comparability,
as previously described [19]. Spheroid-laden hydro-
gels were crosslinked using visible light (405 nm)
for 6 min. Resulting constructs were cultured for
up to 24 h in serum-free co-culture medium com-
posed of DMEM/F-12 supplemented with 1% peni-
cillin/streptomycin. In an additional experiment, the
light-induced crosslinking was omitted and the con-
structs (extruded as well as cast samples) were ana-
lyzed immediately after 1 h in serum-free co-culture
medium.

Ring-disk model: The ring geometry for the
stromal compartment was designed with Fusion 360
(Autodesk, San Rafael, CA; version 2.0.15509) and
sliced with HeartWare. Hydrogel suspension with
or without spheroids was printed with a BioX 3D
bioprinter through an 840 µm steel nozzle at 40–
55 kPa directly into 48 well-plates (Greiner Bio-One,
Frickenhausen, Germany) or 3-well chamber slides
(ibidi, Gräfelfing, Germany). The ring compartment
consisted of two rings and was printed 5 layers in
z-axis direction. Each layer was crosslinked for 1 min
with the internal 405 nm LED before proceeding
with the next layer. After 5 layers, the final con-
struct was crosslinked for 5 more minutes. For the
tumor compartment, MDA-MB-231 were suspended
in collagen I at a concentration of 50 000 cells/ml
and cast in the center of the previously printed ring
compartment (100 µl/ring). The collagen I hydro-
gel has been previously optimized for cell migra-
tion studies and was prepared accordingly [22, 23].
Briefly, acid-dissolved rat tail collagen (Collagen R,
Matrix Bioscience, Mörlenbach, Germany) was
mixed with bovine skin collagen (CollagenG1,
Matrix Bioscience, Mörlenbach, Germany) at a mass
ratio of 1:2 and 4.5% (v/v) NaHCO3 (23 mg ml−1)
and 4.5% (v/v) 10 × DMEM (Life Technologies,
Carlsbad, USA) were added. 1M NaOH was used
to adjust the pH of the solution to 9. Collagen was
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further diluted with dilution medium (pH = 9)
containing 1 volume part NaHCO3, 1 volume part
10 × DMEM and 8 volume parts H2O to a final
concentration of 1.2 mg ml−1. The hydrogel solu-
tion was polymerized at 37 ◦C, 5% CO2 for 1 h. The
final ring-disk models were cultured in co-culture
medium composed of DMEM/F-12 supplemented
with 1% penicillin/streptomycin (i.e. without FCS)
for up to 24 h. Constructs without spheroids in the
ring compartment and without or with 1% or 10%
FCS added to the co-culture medium served as con-
trols.Macroscopic images of the ring-diskmodelwere
captured using an OZL-464 stereo zoom microscope
(KERN, Balingen, Germany).

2.5. Rheological analysis
An Anton Paar MCR 702 rheometer (Anton Paar,
Graz, Austria) with a 25 mm parallel plate geo-
metry at a 0.5 mm gap was employed to charac-
terize the rheological properties of different hydro-
gel formulations. To minimize solvent evaporation,
a solvent trap was used and all experiments were
performed by loading the freshly prepared hydrogel
precursors on the measurement plate preheated at
37 ◦C. Time sweep measurements were performed
with 0.5% shear strain and 10 rad s−1 angular fre-
quency. This oscillatory analysis was conducted to
characterize the kinetics of the induced sol-to-gel
transition via Michael addition for the different for-
mulations, thus assessing the processability window
of the different inks. Shear rate sweep analyses were
performed from 1 to 100 s−1 before and afterMichael
addition to characterize the shear thinning behavior.
The photocrosslinking of the final ink formulation
(0.5 wt% HA-SH, 0.75 wt% PEG-diacryl, 1.20 wt%
PEG-diallyl, and 0.05 wt% LAP) was characterized
by combining a UV–vis light source (bluepoint 4, Dr
Hönle AG, Gilching, Germany) equipped with a flex-
ible light guide to the rheometer. The glass measure-
ment plate enabled to expose the sample to UV–vis
light for 60 s with a gap distance of 7.5 cm during the
time sweep analysis (0.5% shear rate and 10 rad s−1

angular frequency). Furthermore, frequency sweeps
from 100 to 1.0 rad s−1 were performed before and
after exposure to UV–vis light.

2.6. Analysis of spheroid viability
To investigate viability of hydrogel-encapsulated
spheroids, a Live/Dead Cell Staining Kit (PromoKine,
Heidelberg, Germany) was used 4 h after print-
ing. Constructs were washed in PBS before adding
live/dead staining solution composed of 4 × 10−6 M
ethidium homodimer III (EthD-III) and 1× 10−6 M
calcein acetoxymethyl ester (calcein-AM) in PBS.
After incubation for 1 h at room temperature on an
orbital shaker, images were captured using a fluor-
escence microscope (Olympus IX51/XC30). Stitched

fluorescent overview images of the printed ring-disk
model were taken manually using the Multiple Image
Alignment function of the Olympus cellSense™
Dimension Microscope Imaging Software (version
1.16) and an Olympus BX51microscope. Fluorescent
channels were stitched separately and merged with
Fiji (version 1.52p) afterwards.

Cell integrity within spheroids was further
assessed by quantification of lactate dehydrogenase
(LDH) release using LDH-Glo™ Cytotoxicity Assay
(Promega, Fitchburg, WI) according to the manu-
facturer’s specifications. Medium supernatants were
harvested 1 h after printing and transferred to LDH
Storage Buffer (200 mM Tris-HCl (pH = 7.3), 10%
Glycerol, 1% BSA; all obtained from Sigma-Aldrich)
at a ratio of 1:20. Maximum LDH release controls of
the respective conditions were generated by adding
2 µl of a 10% Triton X-100 solution (Sigma-Aldrich)
per 100µl supernatant. After 1 h of incubation, super-
natants of maximum LDH release controls were har-
vested as described above. Results of LDH quantific-
ation were normalized to the total amount of DNA
in the respective hydrogel lysates and are depicted as
percentage of the total amount of LDH in the respect-
ive maximum LDH release controls.

2.7. Determination of DNA content
Spheroid-laden hydrogels were harvested and trans-
ferred to phosphate/saline buffer (50 mM phos-
phate buffer, 2 mM Na2EDTA ∗ 2H2O, 2 M NaCl,
pH = 7.4; all obtained from Carl Roth, Karlsruhe,
Germany). Subsequently, hydrogels were homo-
genized with a TissueLyser II (Qiagen, Hilden,
Germany) at 25 Hz for 5 min, followed by son-
ification (Sonopuls; Bandelin electronic, Berlin,
Germany). DNA content was assessed fluorometric-
ally (TecanGENios pro; Tecan, Crailsheim,Germany)
at an excitation wavelength of 365 nm and an emis-
sion wavelength of 458 nm using Hoechst 33258
(Polysciences, Warrington, USA) and salmon sperm
DNA as standard.

2.8. Quantification of intracellular lipid
accumulation
Serum triglyceride determination kit (Sigma-
Aldrich) was used to quantify intracellular trigly-
ceride content of spheroids within hydrogels 24 h
post-printing. After harvesting and transferring
to 0.5% aqueous Thesit solution (0.5% Thesit in
H2O; Gepepharm, Hennef, Germany), hydrogels
were homogenized and sonified as described above.
Lipid accumulation was determined according to
the manufacturer’s specifications and measured with
a spectrofluorometer (Tecan GENios pro; Tecan,
Crailsheim, Germany) at 570 nm. Data were nor-
malized to the total amount of DNA in hydrogels of
the respective condition.
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2.9. Histological and immunohistochemical
analysis
Hydrogels containing spheroids were harvested 24 h
after printing and fixed in 3.7% buffered formalde-
hyde at 4 ◦C overnight. The next day, constructs
were embedded in Tissue Tek O.C.T. (Sakura Finetek,
Torrance, CA, USA) and incubated overnight in wet
chambers at room temperature. After shock freez-
ing in liquid nitrogen, 6 µm cryosections were pre-
pared using a cryostat (CM 3050S, Leica, Wetzlar,
Germany). For histological analysis of adipogenesis
within differentiated constructs, Oil Red O was used
as previously described [19]. ECM deposition and
perilipin 1 expression within printed and cast spher-
oids were visualized immunohistochemically. Tris-
EDTA buffer (10 mM Tris Base (pH = 9.0), 1 mM
EDTA, 0.05% Tween 20 in H2O; all from Sigma
Aldrich) was used for antigen retrieval at 63 ◦C
overnight. Cryosections were then carefully washed
with PBS two times, followed by blocking with 1%
bovine serum albumin (BSA; Sigma Aldrich) in PBS
for 1 h at room temperature. Primary antibodies
(anti-perilipin 1, PA5-72921, 1:100; Thermo Fisher
Scientific, Waltham, MA; anti-collagen I, ab34710,
1:400; anti-collagen IV, ab19808, 1:150; anti-collagen
VI, ab6588, 1:200; anti-laminin, ab11575, 1:200 and
anti-fibronectin, ab2413, 1:500; all from Abcam,
Cambridge, UK) diluted in 1% BSA in PBS were
added and incubated at room temperature overnight
in a humidified chamber. After two more wash-
ing steps with PBS, cryosections were incubated
with secondary antibody (goat anti-rabbit Alexa488,
ab150077, 1:400, Abcam, Cambridge, UK; diluted
in 1% BSA in PBS) in a humidified chamber for
1 h at room temperature in the dark. Cryosections
were washed again two times with PBS and mounted
with DAPI mounting medium ImmunoSelect (Dako,
Hamburg, Germany). Images were captured with a
fluorescence microscope (Olympus BX51/DP71).

2.10. Protein analysis
Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA) was employed to determ-
ine total protein release of spheroid-laden hydro-
gels into the surrounding cell culture medium.
Supernatants of cast and printed hydrogels were
harvested after 1 h in culture and BCA assay was
carried out following the manufacturer’s instruc-
tions. Furthermore, for semi-quantitative detection
of protein expression of multiple secreted cytokines
and adipokines from cell culture supernatant har-
vested after 24 h of culture, Human Obesity Array
G1 (RayBiotech, Peachtree Corners, GA) was used.
DMEM/F-12 supplementedwith 1%penicillin/strep-
tomycin (serum-free co-culture medium) served as
a negative control. Quantitative analysis of IL-6 and
adiponectinwas performedutilizingHuman IL-6 and

Human Adiponectin/Acrp30 DuoSet ELISA (Bio-
Techne, Minneapolis, MN), respectively. For both
HumanObesity Array G1 andDuoSet ELISAs, super-
natants of printed and cast hydrogel-encapsulated
ASC and adipose spheroids were applied. All data
were normalized to the total amount of DNA in the
respective hydrogel specimens.

2.11. Quantitative reverse transcription
polymerase chain reaction (qRT-PCR)
Printed and cast spheroid/hydrogel constructs
were harvested after 24 h in culture, transferred
into TRIzol®reagent (Thermo Fisher Scientific,
Waltham,MA) and homogenized using a TissueLyser
II (25 Hz, 5 min; Qiagen, Hilden, Germany).
Subsequently, RNA was isolated following the man-
ufacturer’s specifications and cDNA was synthes-
ized using the ImProm-II™ Reverse Transcription
System (Promega, Mannheim, Germany). qRT–
PCR was performed using a CFX96 Real-Time
System (Bio-Rad, Hercules, CA) in combination
with Mesa Green qPCR MasterMix Plus MeteorTaq
Polymerase (Eurogentec, Seraing, Belgium) for detec-
tion. Sequences of all self-designed, intron spanning
primer pairs are listed in table S1. To calculate the
relative gene expression levels for each gene, the
2−∆∆CT method [24] was applied. Gene expression
of all samples was normalized to the housekeeping
gene eukaryotic translation elongation factor 1 alpha
(EF1α; self-designed) and to the gene expression of
ASC spheroids without hydrogel on day 0.

2.12. Live-cell imaging
Brightfield timelapse-images of migrating breast can-
cer cells in the ring-disk model were acquired
using a motorized microscope (Applied Scientific
Instrumentation, Eugene, OR) equipped with a
4x magnification objective (Olympus, Hamburg,
Germany) and a CCD camera (Lumenera Infinity 3-
6UR, Ottawa, Canada) placed inside a tissue culture
incubator (37 ◦C, 5% CO2). Minimum intensity pro-
jected image stacks (xyz = 2818 × 2244 × 300 µm,
voxel size = 1.024 × 1.024 × 10 µm) were recorded
every 10 min over a period of 24 h at 2–4 different
fields of view per sample. Cell migration was ana-
lyzed as previously described [25, 26]. Briefly, for each
time point, individual cell positions were segmented
based on cross-entropy thresholding [27], and posi-
tionswere connected to cell trajectories based on their
Euclidean distance and temporal difference. The x/y-
position of all cells was tracked in the image series
based on their characteristic intensity profile in the
minimal intensity projections of the z-stacks using a
custom Python script [25, 28]. Only cell trajectories
that were continuously tracked for at least 4 h were
considered (typically ∼450 trajectories per field of
view). Cells were defined as motile if they migrated
more than 10 µm within a period of 12 h [25]. For
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each motile cell, the cell speed between consecutive
frames was calculated and the values were averaged
over the observation period for each cell trajectory
and then over all cells within a field of view. In addi-
tion, the turning angles between subsequent 1 h tra-
jectory segments per cell were calculated. Persistence
values were calculated as the cosine of the turning
angles and were averaged over the observation period
for each cell trajectory. Consecutively, persistence val-
ues were averaged over all cell trajectories within
a field of view. Further, the cell-travelled Euclidean
distance (invasion distance) was calculated in sub-
sequent 1 h trajectory segments per cell and averaged
over the observation period for each cell trajectory.
The 1 h invasion distance was then averaged over all
cell trajectories within a field of view. Finally, velocity,
persistence and the cell-travelled distance were aver-
aged over all fields of view (n= 8–24) per condition.

2.13. Statistical analysis
Data are presented as mean ± standard deviation or
mean ± standard error with at least n = 3 replicates
per condition, if not stated otherwise. Statistical eval-
uation was performed using OriginPro 2021 (version
9.8.0.200) or SciPy [29] (version 1.10.1) and statistic-
ally significant differences between groups are indic-
ated by ∗ (p < 0.05). Two groups were compared by
an unpaired two-sample Student’s t-test or Welch’s
unequal variances t-test. To compare multiple groups
with one independent variable, a one-way analysis of
variance (ANOVA)with Bonferroni post-hoc analysis
was performed. A two-way ANOVA with Bonferroni
post-hoc analysis was performed to comparemultiple
groups with two independent variables.

3. Results

3.1. Establishment of a printable HA-SH-based ink
and rheological characterization of the dual-stage
crosslinking
As a basis for the stromal compartment of the prin-
ted breast cancer model, a printable thiol-modified
hyaluronic acid-based ink formulation was estab-
lished. The ink utilized a dual-stage crosslinking
mechanism, where in the first (pre-)crosslinking step
thiol-modified hyaluronic acid (HA-SH) reacted with
PEG-diacryl in a spontaneous Michael addition to a
3D printable, shear thinning ink. In a second step,
post-printing, HA-SH was further crosslinked with
PEG-diallyl in a thiol-ene reaction using the visible-
light photoinitiator LAP.

Pre-crosslinking via Michael addition was invest-
igated using 0.5 wt% HA-SH (241 kDa) and differ-
ent concentrations of 10 kDa PEG-diacryl (0.25, 0.75,
and 1.5 wt%). Resulting hydrogel solutions were 3D
printed in different geometries or manually extruded
with a positive displacement pipette and investigated
over time in terms of printability and rheological

properties. Printing of grid structures over a period of
4 h allowed the different hydrogel formulations to be
evaluated with regard to the time frame of printabil-
ity (processing window) (figure 1(a)). 0.25 wt%PEG-
diacryl led to considerably delayed Michael addition,
resulting in printable grid structures not until 4 h after
initiating pre-crosslinking. 1.50 wt% PEG-diacryl
accelerated the Michael addition yielding complete
grid structures 1 h after initiating pre-crosslinking,
however, two hours later the ink started to become
solid resulting in poor prints. Medium PEG-diacryl
concentration (0.75 wt%) showed to be the optimal
compromise between length of pre-crosslinking (1 h)
and processing window (up to 4 h) (figure 1(a)).
Manual extrusion experiments reflected the findings
of the 3D printing evaluation: With increasing PEG-
diacryl content, theMichael addition was accelerated,
and medium PEG-diacryl concentrations led to a rel-
atively long processing window (figure S1(a)). To fur-
ther characterize printability, a filament fusion test
was performed, where distances between ink strands
consecutively decreased from 2 to 1.5, 1, 0.75 and
0.5 mm. Both inks with 1.50 and 0.75 wt% PEG-
diacryl reached a resolution of at least 0.75 mm after
1 h of pre-crosslinking, with strand fusion starting at
0.5 mm (figure 1(b)).

In addition to the printing experiments, rheolo-
gical characterization of the pre-crosslinking pro-
cess was conducted. The initial Michael addition
was examined with oscillatory analyses over time to
investigate the influence of the different PEG-diacryl
concentrations (0.25, 0.75, and 1.5 wt%) on the reac-
tion kinetics of hydrogel formation. The trends of
storage (G′) and loss moduli (G′′) showed a correl-
ation between the PEG-diacryl concentration and the
kinetics of the sol-to-gel transition. The ink formula-
tion with the highest PEG-diacryl content (1.5 wt%)
showed a crossover point (G′ = G′′) shortly after
18 min, while the precursor solution with a medium
PEG-diacryl content (0.75 wt%) exhibited a sol-to-
gel transition after around 40 min (figure 1(c)). The
ink formulation with the lowest PEG-diacryl content
(0.25 wt%) showed a much later crossover point, as
revealed by extended oscillatory analysis (∼180 min,
figure S1(b)). The suitability of the ink formulations
for extrusion-based 3D printing was evaluated with a
shear rate sweep (1–100 s−1) before and afterMichael
addition (figure 1(d)). The viscosity trends of all
three ink formulations demonstrated a Newtonian
behavior before initiating pre-crosslinking. After
sol-to-gel transition, all inks revealed a markedly
increased viscosity along with a shear-thinning beha-
vior, which is desirable for easy extrusion through a
nozzle.

After the printing process, as a second crosslink-
ing step, a light-induced thiol-ene click reaction of
the remaining thiol groups of HA-SH and the allyl
moieties of 6 kDa PEG-diallyl was initiated using
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Figure 1. Establishment and rheological characterization of a printable hyaluronic acid-based ink. (a) Grid structure tests;
different ink formulations containing HA-SH (0.5 wt%) and varying concentrations of PEG-acryl (0.25, 0.75, 1.5 wt%) were
printed over a period of 4 h. Scale bars represent 2.5 mm. (b) Filament fusion tests of the different ink formulations 1 h after
starting Michael addition. Scale bars represent 2.5 mm. (c) Time sweep analysis to study the influence of different PEG-diacryl
concentrations on the reaction kinetics of hydrogel formation during pre-crosslinking via Michael addition. Data are presented as
mean± standard deviation (n= 3). (d) Shear rate measurements before and after pre-crosslinking to determine the suitability of
the ink formulations for extrusion-based printing. Data are presented as mean± standard deviation (n= 3). (e) Change in
storage modulus (G′) of the final ink formulation during 60 s of photo-crosslinking. Data are presented as mean± standard
deviation (n= 3). (f) Frequency sweep analysis of the final ink formulation before and after light exposure. Data are presented as
mean± standard deviation (n= 3).

LAP. To complete the rheological assessment of the
established ink, the network viscoelasticity of the final
ink formulation 0.5 wt% HA-SH, 0.75 wt% PEG-
diacryl, 1.2 wt% PEG-diallyl, and 0.05 wt% LAP was
analyzed prior to, after, and during light-induced
photo-crosslinking. During crosslinking, light expos-
ure led to an increment of the storage modulus
within the first 20 s, confirming the thiol-ene reaction
(figure 1(e)). The effect of the thiol-ene reaction on

the stiffening of the ink polymer network was high-
lighted by a frequency sweep (1–100 rad s−1) meas-
urement before and after the photo-crosslinking reac-
tion (figure 1(f)).

3.2. Influence of 3D bioprinting on viability of
stromal spheroids
ASC and adipogenically differentiated (adipose)
spheroids were used as 3D building blocks to print the
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Figure 2. Influence of nozzle diameter on the viability of ASC and adipose spheroids after extrusion-based printing. (a), (c)
Live/dead staining of ASC or adipose spheroids in HA-SH-based hydrogels 4 h after printing. Spheroids printed with nozzles with
an inner diameter of either 330 or 840 µm were compared to cast controls. Living cells are depicted in green (calcein-AM), dead
cells are depicted in red (EthD-III). Scale bars represent 250 µm. (b), (d) Determination of LDH released into the supernatants of
hydrogels containing ASC or adipose spheroids 1 h post printing, as compared to the cast controls. Results were normalized to the
DNA content of the respective samples and are depicted as percentage of the total amount of LDH in the respective maximum
LDH release controls. Data are presented as mean± standard deviation (n= 3). Statistically significant differences are indicated
by ∗ (p< 0.05).

stromal part of the co-culturemodel. After extrusion-
based bioprinting, cell viability and functionality of
the spheroids were assessed. Adipose spheroids with
their fragile lipid vacuoles are particularly susceptible
to shear stress-induced cell damage provoked by the
printing process itself. In this regard, the influence
of printing nozzles with different inner diameters
was examined. Applying a larger nozzle (840 µm)
required less printing pressure (40–55 kPa) than a
small nozzle (330 µm, 180–200 kPa). Printed and cast
constructs were fabricated with an identical shape
using an extrusion-based printing set-up to ensure
comparability and avoid differences in nutrient and
oxygen supply associated with different construct
sizes and geometries [19]. ASC spheroids printed
with a 330 µm nozzle exhibited a compact shape
with some scattered dead cells in the surrounding
hydrogel, while little to no dead cells were found in
the vicinity of ASC spheroids printed with an 840 µm
nozzle and in cast samples (figure 2(a)). Evaluation of
LDH release as an indicator for cell damage showed a
significant increase in the supernatant of ASC spher-
oids printed with 330 µm inner nozzle diameter as
compared to the cast control (figure 2(b)). For prin-
ted adipose spheroids, the influence of the nozzle
diameter on spheroid viability and cellular integ-
rity was even more pronounced. When printed with
the smaller nozzle, distinctly more dead cells were

found within or around the adipose spheroids com-
pared to spheroids printed with the larger nozzle or
in cast constructs (figure 2(c)). This observation was
supported by quantification of LDH release, which
was significantly higher for adipose spheroids prin-
ted with the 330 µm nozzle (22.97 ± 6.98% of total
LDH release) than for spheroids printed with the
840 µm nozzle (8.50 ± 0.98% of total LDH release)
or cast samples (7.23 ± 2.14% of total LDH release)
(figure 2(d)). Additionally, the quantification of total
protein in the supernatants of constructs printed
with the 840 µm nozzle and cast constructs showed
no distinct differences indicating that proteins were
not being released in an uncontrolled manner by
damaged cells (figure S2). Taken together, conditions
were established enabling the printing of ASC and,
in particular, adipogenically differentiated spheroids
without compromising their viability. Based on these
findings, the 840 µm nozzle was used for all sub-
sequent bioprinting experiments.

3.3. Adipogenic phenotype and secretion behavior
of printed stromal spheroids
Printed adipogenically differentiated spheroids were
further characterized regarding their adipose phen-
otype and compared to cast spheroids to exclude
any adverse effects of the printing process. The
same comparison was applied to printed and cast
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Figure 3. Adipogenic differentiation and ECM composition of ASC and adipose spheroids printed or cast in HA-SH-based
hydrogels. Spheroids made from ASCs were either cultured in basal medium (ASC spheroids) or adipogenic differentiation
medium (adipose spheroids) for 9 d and then printed or cast. After 24 h in serum-free co-culture medium, spheroids were
characterized. (a) Oil Red O staining of accumulated triglycerides in the cast and printed ASC and adipose spheroids. In addition,
cast and printed adipose spheroids were immunohistochemically stained for perilipin 1. Arrow heads in the close-ups indicate
clusters of lipid vacuoles. Scale bars represent 50 µm, scale bars in close-ups represent 12.5 µm. (b) Quantification of triglyceride
content after 10 d normalized to the DNA content in hydrogels of the respective condition. Data are presented as
mean± standard deviation (n= 3). Statistically significant differences are indicated by ∗ (p< 0.05). (c) Immunohistochemical
analysis of the major ECM components fibronectin, collagen IV and laminin in cast and printed ASC and adipose spheroids.
Nuclei were counterstained with DAPI (blue). Scale bars represent 50 µm.

non-differentiated ASC spheroids. A distinct stain-
ing with Oil Red O for accumulated lipids was
observed in both cast and printed adipose con-
structs indicating considerable adipogenic differenti-
ation, whereas no lipid droplets were apparent in con-
structs with ASC spheroids (figure 3(a)). Fat vacu-
oles were intact and exhibited a stable round mor-
phology after printing as demonstrated by perilipin
1 immunohistochemical staining (figure 3(a), close-
up view). Quantitative determination of intracellu-
lar triglyceride levels confirmed marked adipogen-
esis in adipogenically induced spheroids with signi-
ficantly higher triglyceride content compared to their
non-induced counterparts (figure 3(b)). Triglyceride
levels were similar in cast and printed adipose
spheroids. These findings were further supported by
gene expression analysis of the adipogenic marker
genes PPARγ as a key transcription factor of adipo-
genic differentiation, and fatty acid-binding protein
4 (FABP4) as a late marker of adipogenesis (figure
S3(a)). Expression levels of both markers were sim-
ilarly elevated in cast and printed adipose samples
compared to the respective ASC spheroids.

Besides lipid accumulation, adipogenesis involves
the development of a characteristic ECM profile [30].
To ensure that the extrusion-based printing pro-
cess did not alter ECM composition of ASC and
adipose spheroids, major ECM components of cast
and printed spheroids were immunohistochemic-
ally analyzed (figure 3(c)). ASC spheroids revealed
a distinct expression of fibronectin, while the main
components of the basement membrane of adipo-
cytes, collagen IV and laminin, were hardly detect-
able. Adipose spheroids, on the contrary, displayed
high expression levels of collagen IV and laminin
but very low fibronectin expression. Staining intensity
was comparable in cast and printed constructs, which
was also confirmed by additional staining for collagen
I and VI (figure S3(b)).

Whereas all experiments described so far were
done with cast or printed spheroids after the final
light-induced thiol-ene crosslinking, an additional
experiment was performed with adipose spheroids
immediately after casting or printing, i.e. without
the light-induced crosslinking step. The results of
the LDH release, live/dead and lipid droplet staining,
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Figure 4. Analysis of protein secretion of ASC and adipose spheroids printed or cast in HA-SH-based hydrogels. Spheroids made
from ASCs were either cultured in basal medium (ASC spheroids) or adipogenic differentiation medium (adipose spheroids) for
9 d and then printed or cast. After further 24 h in serum-free co-culture medium, protein secretion was characterized. Human
antibody arrays covering 62 cytokines were probed with medium supernatants of (a) cast or printed ASC spheroids as well as (d)
cast or printed adipose spheroids. Spots with a fluorescence intensity⩾ 1000 AU that did not appear in the negative control were
framed and labeled with the corresponding target name. (b), (e) Semi-quantitative results of the protein array of supernatants of
cast and printed ASC and adipose spheroids normalized to the DNA content of the respective samples. Only proteins with a
fluorescence intensity⩾ 1000 were included. (c) IL-6 secretion as determined by ELISA of the supernatants of cast vs. printed
ASC spheroids, and (f) adiponectin secretion as determined by ELISA of the supernatants of cast vs. printed adipose spheroids.
Obtained values were normalized to the DNA content of the respective samples. Data are presented as mean± standard deviation
(n= 3). Statistically significant differences are indicated by ∗ (p< 0.05).

and staining of ECM components again showed no
differences between cast and printed samples, con-
firming that there were no adverse effects of the
printing process (figure S4). Additionally, by com-
paring results of figure S4 (without light-induced
crosslinking) with figures 2 and 3 (after crosslink-
ing), also no detrimental effects of the stiffening of
the ink polymer network which was caused by the
light-induced crosslinking (see figure 1(f)) could be
detected.

In the developed adipose stroma-breast can-
cer model, ASC and adipose spheroids printed in
the ring compartment can interact with the can-
cer cells located in the disk compartment through
secreted molecules such as cytokines, chemokines
and adipokines. Therefore, it was crucial to ensure
that this mode of interaction would still be func-
tional after the complete printing process. To this
end, supernatants of printed and cast ASC and
adipose spheroids were analyzed for a broad range
of cytokines utilizing a protein array (figures 4(a) and
(d)). The following proteins with prominent expres-
sion were discovered in the supernatants of ASC
spheroid-laden hydrogels: Monocyte chemotactic
protein 1 (MCP1/CCL-2), tissue inhibitor of metal-
loproteinases 2 (TIMP-2), interleukin 6 (IL-6), tissue
inhibitor of metalloproteinases 1 (TIMP-1), adip-
sin, monocyte chemotactic protein 3 (MCP-3/CCL-
7), and interleukin 8 (IL-8) (figure 4(b)). Cast and
printed constructs exhibited no significant difference
in expression levels of these proteins. In addition,
the cancer-related cytokine IL-6 was quantitatively

determined via ELISA (figure 4(c)). No distinct dif-
ference in protein secretion per DNA between the
two conditions (cast/printed) could be detected (cast:
0.13 ± 0.04 ng µg−1, printed: 0.16 ± 0.01 ng µg−1).
In the supernatants of printed adipose spheroids,
adiponectin (Acrp30), adipsin, TIMP-2, MCP-1,
and TIMP-1 were prominent (figure 4(e)), again
with similar expression levels for cast and printed
samples. Quantitative analysis of adiponectin also
revealed no significant differences between cast and
printed samples (cast: 2.76 ± 0.17 ng µg−1, printed:
2.64 ± 0.16 ng µg−1) (figure 4(f)). Taken together,
extrusion-based bioprinting of stromal spheroids in
a hyaluronic acid-based ink had no adverse effect on
the adipogenic phenotype of differentiated spheroids,
deposited ECM, and cytokine secretion.

3.4. Ring-disk co-culture model set-up to
investigate breast cancer cell migration
After ensuring the integrity and functionality of the
spheroids in the printed stromal compartment, the
breast cancer co-culture model was developed. The
model was specifically designed to study 3D migra-
tion of tumor cells depending on the paracrine stimu-
lation of adjacent stromal cells utilizing live-cell ima-
ging. Therefore, tumor and stromal cells were spa-
tially separated resulting in a modular design with
a bioprinted outer ring compartment composed of
HA-SH-based ink with stromal cell spheroids and
an inner disk compartment consisting of MDA-MB-
231 cells in collagen I (figure 5(a)). This modular
set-up allowed us to study the effects of ASC and
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Figure 5. Biofabricated ring-disk co-culture model to study the effect of stromal spheroids on breast cancer cell migration. (a)
Schematic; outer ring consisting of hyaluronic acid (HA)-based bioink and either (I) ASC or (II) adipose spheroids, and inner
disk consisting of collagen I containing MDA-MB-231 breast cancer cells. Schematic was created with BioRender.com. (b), (e)
After 9 d of culture, ASC or adipose spheroids were printed in HA-based ink in an annular geometry (ring compartment). (c), (f)
The inner core was filled with MDA-MB-231 cells dispersed in collagen I (disk compartment). Scale bars represent 2.5 mm. (d),
(g) Live/dead staining of ring-disk models with ASC or adipose spheroids in the ring compartment 1 h after printing (stitched
images). Scale bars represent 2 mm. Close-ups show ((d) and (g), upper right) MDA-MB-231 cells in the core and ((d) and (g),
lower right) the border area. Scale bars represent 500 µm. Living cells are labeled green (calcein-AM), and dead cells are labeled
red (EthD-III). (h) Brightfield image of MDA-MB-231 cells in the collagen I disk compartment, and (i) image of the border area
of disk and ring compartment. Scale bars represent 200 µm.

adipose spheroids on cancer cell migration individu-
ally (figure 5(a-I, II)). ASC or adipose spheroids were
suspended in HA-SH-based ink after 9 d of culture,
and were bioprinted in a ring geometry (10mmouter
diameter) (figures 5(b) and (e)). The printed annular
geometry consisted of 2 rings printed in close proxim-
ity to form a coherent ring structure (figure S5). The
resulting inner core was filled with MDA-MB-231
cells suspended in collagen I, completing the ring-disk
model (figures 5(c) and (f)). Representative bright-
field images of MDA-MB-231 cells in the collagen I
disk are shown in figures 5(h) and (i). Live/dead stain-
ing immediately after printing revealed good viability
of ASC and adipose spheroids as well as MDA-MB-
231 cells (figures 5(d) and (g)).

3.5. Analysis of stromal cell-induced stimulation of
MDA-MB-231 cell migration
To investigate breast cancer cell migration under
the influence of the adipose stromal compartment,

the movement of single MDA-MB-231 cells in the
tumor compartment was recorded using a custom-
made live-cell imaging set-up. Image-based migra-
tion analysis is exemplified in figure 6. Cell trajector-
ies were tracked automatically based on intensity pro-
jected brightfield images recorded every 10 min over
a period of 24 h [25, 26]. Maximum intensity projec-
tions along the x/y/z-axes of a brightfield image stack
of MDA-MB-231 cells are shown in figure 6(a). The
trajectory of a single MDA-MB-231 cell after 3, 6 and
12 h is depicted in figure 6(b) for illustration. Each
data point (red dot) corresponds to the x/y-position
of the cell measured every 10 min.

Based on the resulting cell trajectory, character-
istic migration parameters such as migration speed
and persistence (figure 6(c)), as well as invasion dis-
tance, were computed. Migration speed was com-
puted from the average Euclidean distance between
x/y-positions of the same cell in consecutive frames.
Persistence as a measure for directionality of cell
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Figure 6. Live-cell imaging of migrating MDA-MB-231 cells in the collagen I disk compartment of the biofabricated co-culture
model. (a) Maximum intensity projections along the x/y/z-axes of a brightfield image stack of MDA-MB-231 cells in a 3D
collagen I gel. In the projections, the MDA-MB-231 cells appear as dark spots. (b) Representative minimum intensity projected
brightfield images and trajectories of an individual MDA-MB-231 cell migrating through collagen I at the start (0 h), after 3, 6
and 12 h of measurement. Every 10 min, the x/y-coordinates of the cell were automatically tracked (red dots), resulting in a
coherent trajectory of the migrating cell over the 12 h oberservation period. Scale bars represent 50 µm. (c) Migration parameters
such as cell speed (blue) and persistence (red) were calculated from the trajectories of individual cells. (d) Trajectories of cancer
cells tracked over 12 h within a field of view in the control group (without stromal cells in the ring compartment) or in the
presence of adipose or ASC spheroids in the ring compartment (all without FCS in the medium). Short, punctual trajectories are
indicative for stationary cells, while elongated trajectories represent migrating cells. The red colored trajectory in the adipose field
of view corresponds to the trajectory in (b) (12 h). Scale bars represent 200 µm.

migration was defined as the average mean cosine of
the turning angles between two consecutive 1 h tra-
jectory segments. Invasion distance corresponded to
the mean Euclidean distance a cell migrated within a
1 h time frame. Figure 6(d) shows the trajectories of
MDA-MB-231 cells of one field of view after 12 h in
the presence of ASC or adipose spheroids compared
to control (no spheroids in the ring compartment, no
FCS in the co-culture medium). While trajectories of
MDA-MB-231 breast cancer cells in the control con-
ditionweremostly short, the trajectories ofmany can-
cer cells were longer and straighter in the presence of
ASC or adipose spheroids.

The effect of ASC and adipose spheroids in the
stromal ring on the migration behavior of MDA-
MB-231 cells was quantified by the migration para-
meters mentioned above and compared to a cell-
free stromal compartment (all without FCS in the
medium). Serum was omitted to avoid effects of exo-
genous cytokines and growth factors from FCS, and

to clearly reveal the effects of secreted factors of the
ASCs or adipocytes in the stromal compartment on
the migration behavior of the breast cancer cells.
1% and 10% FCS in the medium served as further
controls. For computing the average speed, invasion
distance, and persistence, only the motile fraction
of MDA-MB-231 cells was included in the analysis,
i.e. cells that migrated more than 10 µmwithin a 12 h
observation period.

After 12 h, most MDA-MB-231 cells in the pres-
ence of ASC or adipose spheroids were classified as
motile (91.14 ± 1.60% and 91.38 ± 1.10%, respect-
ively), while the fraction of motile tumor cells was
distinctly lower in the absence of stromal ASC or
adipose spheroids (69.85 ± 1.27%). The migration-
promoting effect of stromal spheroids on the motile
fraction was comparable to that of 10% FCS in the
medium (94.70 ± 0.66%) (figure 7(b)). Analysis
of directional persistence revealed a similar effect.
Persistence in the movement of the tumor cells was
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Figure 7. Analysis of MDA-MB-231 cell migration in the collagen I disk compartment dependent on ASC or adipose spheroids in
the ring compartment (no FCS) over a 12 h observation period. Ring-disk models without spheroids in the ring compartment
and no FCS, 1% or 10% FCS in the co-culture medium served as controls. (a) Trajectories of 50 randomly selected motile cancer
cells per condition. The red dot represents the common starting point, the black dots the ending points of the trajectories. Scale
bar represents 100 µm. Color code indicates the condition (same as in (b)–(e)). (b) Motile fraction: fraction of cells that migrated
more than 10 µm within 12 h. All following parameters were calculated based on motile cells. (c) Directed migration
(persistence) of cells, defined as the averaged mean cosine of the turning angles between two subsequent 1 h trajectory segments.
(d) Cell-travelled mean Euclidean invasion distance within a 1 h time frame. (e) Migration speed: averaged Euclidean distance
between all x/y-positions of the same cell of consecutive frames (∆t= 10 min). Graphs (b)–(e) show data of n (ASC)= 18, n
(Adipose)= 24, n (no FCS)= 20, n (1% FCS)= 8 and n (10% FCS)= 18 fields of view containing typically∼ 450 cell
trajectories. Data are presented as mean± standard error. Statistically significant differences (p< 0.05) to the control group
without FCS are indicated by △, all other significant differences (p< 0.05) are indicated by ∗.

significantly increased in the presence of ASC and
adipose spheroids in the ring compartment as com-
pared to the spheroid-free negative control (without
FCS) (figure 7(c)). Again, the impact of the stromal
spheroids was comparable to that of 10% FCS in the
positive control group. With regard to invasion dis-
tance, MDA-MB-231 cells migrated 7.11 ± 0.20 µm
and 6.63 ± 0.13 µm on average within a 1 h time
frame when exposed to ASC and adipose spher-
oids, respectively (figure 7(d)). The average distance
covered by MDA-MB-231 cells without spheroids in
the stromal compartment (without FCS) was dis-
tinctly lower (5.38 ± 0.06 µm). This effect was
additionally illustrated by depicting the cell tracks

of 50 randomly picked motile MDA-MB-231 cells
over the 12 h observation period for each condi-
tion (figure 7(a)). When ASC (light blue) or adipose
spheroids (dark blue) were present in the ring com-
partment, cell trajectories were considerably longer,
as compared to the spheroid-free (without FCS) con-
trol (light grey). Migration speed was promoted only
by ASC spheroids, whereas adipose spheroids had
no distinct effect on this parameter compared to
the cell-free ring condition after 12 h (figure 7(e)).
Additionally to the 12 h period, in figure S6 the
migration behavior after 6 and 24 h is shown, with
similar results. After 24 h, also the migration speed
was increased by both types of stromal spheroids,
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as compared to the cell-free ring (figure S6). As an
additional measure, the directed migration towards
the outer stromal compartment was assessed. A slight
trend was observed that in the presence of ASC
and adipose spheroids, the cancer cells preferentially
migrated towards the outer ring, while this was not
the case for control conditions without spheroids in
the outer ring; however, this effect was not statist-
ically significant (figure S7). Taken together, stromal
ASC and adipose spheroids clearly increased specific
migration parameters in TNBC cells such as the frac-
tion of motile cells, persistence, speed, and invasion
distance.

4. Discussion

Adipocytes and ASCs are key components of the
mammary stroma and as such play essential roles in
the breast cancer microenvironment supporting can-
cer progression [13, 16]. In this context, the specific
role of these neighboring cells in cancer cell migra-
tion, which represents a key feature in cancer progres-
sion, is still poorly understood. To accurately recapit-
ulate this complex interaction in the TME, biofabric-
ation technologies such as bioprinting ormicrofluidic
approaches provide the means to achieve defined
spatial arrangements of cells or matrix [10, 31–34].
Yet, advanced models for the detailed investigation of
tumor cell migration traits as a function of stromal
cells are still lacking. Therefore, in this study, we
developed a biofabricated 3D co-culture model for
live-cell imaging analysis of breast cancer cell migra-
tion parameters in dependence of adjacent stromal
cells from adipose tissue.

Different strategies have been applied for the
biofabrication of 3D adipose tissue mainly using
ASCs printed as single cells in different hydro-
gel systems followed by adipogenic differentiation
post-printing [35, 36]. Few studies have also prin-
ted pre-differentiated adipocytes or isolated mature
adipocytes [37, 38]. These studies mainly aimed
to engineer 3D adipose constructs in the context
of regenerative medicine. Here, we bioprinted an
adipose compartment to be integrated in our breast
cancer-stroma model. The printed model exhibits a
ring-disk geometry with a central tumor region sur-
rounded by a ring of adipose stroma and thus mimics
the architecture of the early breast cancer microenvir-
onment. For this purpose, we chose to print adipose
spheroids since direct printing of 3D cellular aggreg-
ates allows controlled spatial arrangement in com-
plex hierarchical structures that can be used imme-
diately to investigate a native tissue-like functional
response.

For spheroid printing, a hyaluronic acid-based,
dual-stage crosslinked bioink formulation was estab-
lished in this study. Hyaluronic acid is part of the

ECM of adipose tissue [39, 40] and also a compon-
ent of the breast cancer TME and as such consti-
tutes a suitable matrix for the adipose compartment
of the co-culture model. In the first step of the dual-
stage crosslinkingmechanism, the processingwindow
provided sufficient time for bioprinting of the stromal
compartment in a high-throughput manner, while
the short pre-crosslinking time was favorable to pre-
vent sedimentation of spheroids during and after the
printing process and thus uneven distribution within
the printed constructs. This is crucial when printing
spheroids, as these cell aggregates are heavier than
single cells and therefore tend to sediment quickly
in low-viscosity fluids. Shear rate measurements of
the pre-crosslinked gel revealed an adequate viscos-
ity that was distinctly higher than that of a different
hyaluronic acid-based gel system used for spheroid
printing in a previous study, so that no additional
thickener was required [19]. Rheological character-
ization demonstrated shear-thinning behavior of the
pre-crosslinked gel, which is known to increase sur-
vival of cells due to reduced shear stress when applied
for extrusion-based printing [41]. Previously, a sim-
ilarHA-based hydrogel has been utilized for the chon-
drogenic differentiation ofmesenchymal stromal cells
[20], however, has not been adapted for spheroid
printing. Furthermore, in the current study, LAP was
used as photoinitiator instead of I2959 [20] enabling
efficient visible light (405 nm) polymerization during
the second crosslinking stage, which is also beneficial
for cell viability and metabolic activity compared to
the use of I2959 in UV-polymerized gels [42, 43].

As adipocytes are highly fragile cells due to their
lipid-filled vacuoles, the printing parameters had to
be carefully adjusted to ensure viability and integ-
rity of the printed adipose microtissues. During
extrusion-based printing, shear stress within the
nozzle is widely regarded as the leading cause of cell
impairment [44–47] and can beminimized by adjust-
ing pressure and nozzle inner diameter accordingly
[48]. Here, we found that the use of a larger nozzle
resulted in lower printing pressure and yielded con-
structs with highly viable adipose spheroids. So far,
printing of adipose spheroids has hardly been real-
ized. Colle et al recently have shown bioprinting
of albeit smaller adipogenically differentiated spher-
oids in GelMA as proof-of-principle, however, an
in-depth functional and structural assessment of
the adipose phenotype after printing has not been
conducted [49]. In the present study, a comprehens-
ive characterization of the printed adipose microtis-
sues indicated that the adipogenic phenotype in terms
of intact lipid vacuoles, lipid content, and expres-
sion of adipogenic marker genes was not affected by
the printing process. Furthermore, adipose spheroids
acquired a tissue-specific extracellular matrix, which
was also retained after printing, with high laminin
and collagen IV expression and a very low fibronectin
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expression, as described previously for adipose spher-
oids differentiated for 9 d [19, 30]. Direct printing
of pre-differentiated adipose spheroids enabled the
design of an unbiased co-culture systemwheremigra-
tion analysis of breast cancer cells was not affected by
serum or differentiation cocktail residues in the HA-
based ink.

In the TME, adipocytes and ASCs interact with
neighboring breast cancer cells mostly via paracrine
crosstalk [16, 50]. In the printed adipose compart-
ment, both ASC and adipose spheroids exhibited a
secretion pattern with various cytokines and matrix-
remodeling factors. An adipose-specific profile was
shown for the adipogenically differentiated spheroids
with the expression of adipokines such as adipon-
ectin and adipsin [51, 52]. Secretion apparently was
not affected by the printing process as the pattern
and concentration of secreted proteins in the cast und
printed constructs were comparable.

To date, very few printed 3D adipose-breast can-
cer models have been realized mostly representing
proof-of-principle studies. Chaji et al have printed
mixed pre-differentiated ASCs and tumor cells in
alginate/gelatine ink [18]. Vinson et al have incorpor-
ated cancer cell-laden microbeads into bulk hydrogel
containing differentiated adipocytes by laser direct-
write printing [11]. In both studies, the primary focus
was on the development of the bioink, printing pro-
cess and co-culture conditions; a comprehensive ana-
lysis of the adipose phenotype or tumor cellmigration
has not been performed.

In general, detailed knowledge is still lacking on
how adipose stromal cells such as ASCs and adipo-
cytes affect specific migration properties of breast
cancer cells such as cell speed and persistence, para-
meters that essentially determine the efficiency of
migration and are closely linked with cancer invasion
and dissemination [53, 54]. To the best of our know-
ledge, this study is the first presentation of a 3D prin-
ted breast cancer model that allows a comprehensive
analysis of individual tumor cell migration paramet-
ers in dependence of adjacent adipose stroma.

Tumor cellmigration has typically been visualized
and analyzed in 2D systems. Current research is now
seeking to integrate the complex structural organiza-
tion of the TME in 3D models using printing tech-
nologies. However, in the context of breast cancer,
such models are still lacking real-time resolution of
the dynamic migration process [11, 55–57] depend-
ing on neighboring stromal cells, which is amajor fea-
ture of our newly developed model.

Tracking the motion of individual MDA-MB-231
breast cancer cells clearly revealed marked effects of
ASCs and adipocytes on key migration parameters in
a 3D environment. Compared to the control group
(no spheroids in the stromal ring compartment), the
fraction of motile tumor cells was markedly elevated
to more than 90% migrating cells in the presence of

ASC or adipose spheroids. Motile cells covered signi-
ficantly larger distances and migrated faster and in a
more persistent manner under the influence of either
ASCs or adipocytes. Furthermore, a trend of direc-
tedmigration towards the adipose compartments was
observed.

ASC and adipose spheroids exerted a similar effect
on the motile fraction, persistence, invasion distance,
and migration speed while partly different secretion
patterns of the two cell types were apparent in pro-
tein analysis. Cytokines such as Il-6 and MCP-1,
which were present in the secretome of the printed
adipose compartments, have been reported to gen-
erally promote breast cancer cell migration [58, 59].
However, whether and how these factors influence
specific migration parameters is not known.

In this context, a recent study investigating the
effect of macrophages on the migration behavior of
breast cancer cells has shown that specific migra-
tion characteristics such as speed and persistence
can be individually modulated through different
mechanisms. Macrophages increased cancer cell
migration speed mainly through TGF-β1-induced
MT1-MMP expression in cancer cells, whereas
macrophage-released TNFα and TGF-β1 synergist-
ically enhanced cancer cell migration persistence
via NF-kB–dependent MMP1 expression in a 3D
environment [60]. This emphasizes the relevance of
characterizing how a certain stimulus affects differ-
ent aspects of cancer cell migration (e.g. speed and
persistence) in 3D ECM to gain a detailed and quant-
itative understanding of tumor dissemination. The
availability of advanced 3D co-culture models, such
as the adipose-breast cancer model presented here,
will help to get a deeper insight into the complex
interactions in the adipose TME that govern breast
cancer cell migration. For example, the model can
be used in further studies to investigate the influence
of specific adipose tissue factors on the individual
migration characteristics of tumor cells, also as a
function of extrinsic parameters such as matrix stiff-
ness or fiber orientation.

In follow-up studies, the stromal compartment
can be modified to integrate different stages of
adipose tissue development. Although spheroids
developed into adipose microtissues, the 9 d dif-
ferentiation might have underestimated the differ-
ences between the ASC and adipose spheroid group.
Variation of the feeding regime and prolonged dif-
ferentiation times may result in even more mature
adipose microtissues, including modulation of the
secretion profile and the triglyceride content. As a
further comparison to the ASC spheroids applied
here, also undifferentiated and differentiated ASCs as
single cells may be included. Moreover, in the cur-
rent study, theHA-based bioink for the ring compart-
ment was chosen to prevent cancer cell migration into
this compartment. Further ink developments may be
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integrated in the model that also allow migration
into the neighboring compartment. Thismay provide
more detailed insight into the mechanisms that pro-
mote the directional migration and dissemination of
breast cancer cells into the surrounding adipose tis-
sue. The promotion of migration dynamics by ASCs
should also be taken into account when investigat-
ing these cells in the context of cell-assisted lipotrans-
fer for breast reconstruction after mastectomy with
regard to the oncological safety of this procedure [16].

In conclusion, in this study, we developed a 3D
bioprinted co-culture model that enables a com-
prehensive analysis of individual tumor cell migra-
tion parameters in dependence of adjacent adipose
stroma. A hyaluronic acid-based ink was established
that is suitable for printing ASC and adipose spher-
oids while maintaining viability, integrity, adipose
phenotype and secretion behavior, which are hall-
marks of functional adipose tissue. Live-cell ima-
ging within the model revealed that both ASC and
adipose spheroidsmarkedly increased key parameters
of the migration process, namely the motile fraction,
migration persistence, invasion distance, and speed
of MDA-MB-231 breast cancer cells, thus markedly
enhancing the overall invasion efficiency of the tumor
cells. Our results provide new insights into how
adipose tissue promotes the dissemination of breast
cancer cells. We propose that our model has the
potential for further in-depth analysis of key aspects
of stroma-mediated migration of tumor cells and to
serve as a screening platform for novel anti-cancer
drugs targeting cancer cell migration.
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