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a b s t r a c t 
Tumor organoids and tumors-on-chips can be built by placing patient-derived cells within an engineered 
extracellular matrix (ECM) for personalized medicine. The engineered ECM influences the tumor response, 
and understanding the ECM-tumor relationship accelerates translating tumors-on-chips into drug discov- 
ery and development. In this work, we tuned the physical and structural characteristics of ECM in a 
3D bioprinted soft-tissue sarcoma microtissue. We formed cell spheroids at a controlled size and en- 
capsulated them into our gelatin methacryloyl (GelMA)-based bioink to make perfusable hydrogel-based 
microfluidic chips. We then demonstrated the scalability and customization flexibility of our hydrogel- 
based chip via engineering tools. A multiscale physical and structural data analysis suggested a relation- 
ship between cell invasion response and bioink characteristics. Tumor cell invasive behavior and focal 
adhesion properties were observed in response to varying polymer network densities of the GelMA- 
based bioink. Immunostaining assays and reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) helped assess the bioactivity of the microtissue and measure the cell invasion. The RT-qPCR 
data showed higher expressions of HIF-1 α, CD44, and MMP2 genes in a lower polymer density, high- 
lighting the correlation between bioink structural porosity, ECM stiffness, and tumor spheroid response. 
This work is the first step in modeling STS tumor invasiveness in hydrogel-based microfluidic chips. 
Statement of significance 
We optimized an engineering protocol for making tumor spheroids at a controlled size, embedding 
spheroids into a gelatin-based matrix, and constructing a perfusable microfluidic device. A higher tumor 
invasion was observed in a low-stiffness matrix than a high-stiffness matrix. The physical characteriza- 
tions revealed how the stiffness is controlled by the density of polymer chain networks and porosity. 
The biological assays revealed how the structural properties of the gelatin matrix and hypoxia in tumor 
progression impact cell invasion. This work can contribute to personalized medicine by making more 
effective, tailored cancer models. 

© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text 
and data mining, AI training, and similar technologies. 

1. Introduction 
The high mortality in cancer patients is primarily attributed to 

metastatic tumor spread, recurrence, and resistance to anti-cancer 
treatments. The mechanisms underlying drug-resistant tumors and 
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their recurrences remain unknown [ 1 , 2 ]. In the case of soft-tissue 
sarcoma (STS), which has relatively few effective systemic thera- 
pies [ 3 , 4 ], and optimum disease management requires predictive 
cancer models using patient-derived tumor cells and carrying host 
genetic information. The established cancer models that utilize 
patient-derived samples include gold-standard xenografts, static 
three-dimensional (3D) spheroids, and dynamic culture models 
[ 5 , 6 ]. The well-established xenograft models are time-consuming 
and suffer from unrealistic genomic profiling of sample biopsies 
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[ 7–9 ]. While static spheroids lack physiological conditions, dy- 
namic in vitro models can mimic the tumor microenvironment 
(TME) for studying scientific questions related to tumor mecha- 
nisms and screening applications. One of our main objectives is to 
study solid tumor invasion under controlled conditions (i.e., regu- 
late TME cues and monitor cell proliferation). 

Microfluidics-based, micro-engineered tumors-on-chips have 
been recently used to mimic various tumor cell-ECM, tumor- 
stroma, and cell-drug interactions under controlled flow conditions 
[ 10–12 ]. Active perfusion creates a dynamic environment to control 
the delivery of various components (e.g., oxygen, nutrients, etc.) to 
replicate the physiological conditions of solid tumors better [ 13 ]. 
For example, Wan et al. investigated how a constant nutrient sup- 
ply impacts ovarian cancer cell spheroids in 3D culture. They used 
a perfusion mono and cocultured tumor spheroid bioreactor for up 
to 35 days to observe cancer cell growth and test drug responses. 
Their findings showed that, unlike static cultures that exhibit more 
cell stress and unpredictable reactions to treatments, the perfused 
cultures using microchannels and microchambers led to more re- 
alistic therapeutic responses [ 14 ]. The engineered microtissues can 
be bioactive matrices, such as matrigel, gelatin, collagen, and fib- 
rinogen [ 5 ]. As an example, Refet-Mollof et al. [ 15 ] made a hy- 
poxic jumbo spheroid-based model. The team used soft lithogra- 
phy to create a microfluidic chip measuring 80 mm x 82.5 mm, 
which holds up to 240 tumor spheroids of > 750 µm in diam- 
eter, as aggregaes of human leimyosarcoma cells. They examined 
the response of combined radiotherapy and the hypoxic prodrug 
tirapazine to giant spheroids generated using STS117 and SK-LMS- 
1 sarcoma cell lines. Thus, such microfluidic models allow studying 
TME cues in tumor mechanobiology. 

A well-documented characteristic of solid tumors is increased 
matrix stiffness [ 16 , 17 ]. The matrix is dynamically regulated by 
cancer and stromal cells. Traditional 2D models have supported the 
link between matrix stiffness and tumor cell behavior, mainly re- 
ported for carcinoma and sarcoma-type cancers [ 18–20 ]. Altering 
the stiffness of 3D matrices can have variable effects on cancer 
phenotypes [ 21–23 ]. For example, Malandrino et al. assessed the 
role of forces that breast cancer cells (MDA-MB-231) exert on ECM. 
They showed that cellular forces can gather ECM fibers around 
the cell periphery, influenced by the dynamic tensional state of 
the actin cytoskeleton [ 21 ]. In addition, Liang et al. [ 22 ] showed 
that hepatocellular carcinoma cells formed malignant spheroids in 
a softer, fat-like hydrogel. Compact hepatoids with reduced malig- 
nancy were obtained in a stiffer gel. In another study, a 3D bio- 
printed osteosarcoma model revealed the effects of matrix stiff- 
ness on osteosarcoma cells when varying stiffnesses: 50, 80, and 
130 kPa [ 24 ]. They observed increased proliferation, enhanced mi- 
gration, stretched morphology, and reduced drug sensitivity in 
softer 3D matrices. An uptick in matrix metalloproteinase (MMP) 
and vascular endothelial growth factor (VEGF) secretion was re- 
ported for stiffer matrices, suggesting a survival mechanism and 
vascular invasion. The transcriptomic analysis pinpointed a poten- 
tial impact on the integrin α5-MAPK signaling pathway. The va- 
riety of observations suggests the uncertain effect of matrix stiff- 
ness on tumor cell behavior within the 3D ECM [ 21 ]. A recent 
study found an association between ECM-related genes and STS 
prognosis [ 25 ], in which a subgroup of dedifferentiated liposar- 
coma patients with poor prognosis expressed higher levels of ECM- 
remodeling proteins. 

A signaling pathway affected by TME conditions is the hypoxia- 
inducible factors-1 α (HIF-1 α) pathway, which is upregulated in re- 
sponse to hypoxia , triggering gene expression in angiogenesis, gly- 
colysis, and invasion [ 26 ]. Hypoxia can drive cancer cell stemness, 
resulting in chemotherapy resistance [ 27 ] and the Warburg effect 
[ 28 ]. A screening tumor model should include hypoxia-related fac- 
tors. In addition, the ECM properties can modulate the concentra- 

tion of MMP2 and MMP9 enzymes that degrade the ECM and make 
space for cell invasion [ 29 ]. CD44, a surface glycoprotein implicated 
in cell adhesion and mobility, is mediated by cancer cells within 
stiff matrices [ 30 ]. It is also considered a marker for cancer stem 
cells [ 31 ]. 

There has been a trend of hydrogel-based bioinks being used in 
3D bioprinted tumor models, such as Matrigel [ 32 ], gelatin [ 33 ], 
hyaluronic acid [ 34 ], alginate [ 35 ], polyethylene glycol [ 36 ], col- 
lagen [ 37 ], fibrin [ 38 ], agarose [ 39 ], and silk fibroin [ 40 ]. Each 
bioink has unique characteristics suitable for a specific tumor 
model, depending on the specific requirements for physical prop- 
erties (e.g., stiffness and pore size) and cell-ECM interactions. 
Gelatin methacryloyl (GelMA), a chemically modified version of 
gelatin [ 41 , 42 ], benefits from tunable physical [ 43 ] and optical 
transparency [ 44 ]. GelMA has been investigated as a 3D matrix 
with various breast cancer cell lines for modeling drug response 
and invasion [ 45–47 ]. The permeability, stiffness, and degradation 
time of GelMA can be tailored via methacrylation degree, UV light 
intensity, and backbone mass concentration [ 48 ]. 3D bioprinting 
technology also offers a customizable platform and scalability to 
fabricate complex cellular arrangements under controllable condi- 
tions and high throughput manufacturing [ 11 ]. GelMA has shown 
cell encapsulation capacity, tunable mechanical properties, cost- 
effectiveness, and ability to maintain the cell phenotype [ 49 , 50 ]. 
While GelMA has been used for other solid tumor models, such as 
breast [ 51 ] and prostate [ 52 ], it has not been used to model STS. 

In this work, we engineered a GelMA-based STS microtissue 
via 3D bioprinting and tunability of GelMA bioink. As shown in 
Fig. 1 , our bioprinting approach can be applied to similar pho- 
tocrosslinkable hydrogel bioinks in the field. We designed and fab- 
ricated a microtissue via cell-laden hydrogel bioprinting to regu- 
late the porosity of the ECM. We constructed a biomaterial-based 
tumor model for replicating STS spheroids, ECM, and active per- 
fusion interactions. We characterized the behavior of tumor cells 
using gene expression measurements, immunostaining assays, and 
cell tracking. As a first step for modeling STS invasion, we demon- 
strated the formation of rounded spheroids with high reproducibil- 
ity and compactness, which is essential for creating a realistic 
TME. We observed that the bioink composition significantly influ- 
ences cell invasive behavior and focal adhesion formation of the 
tumor spheroids. GelMA matrices with a reduced hydrogel net- 
work promoted higher spheroid invasiveness and proliferation. RT- 
qPCR data revealed that lower hydrogel network density correlates 
with increased expression of genes associated with invasiveness 
and hypoxia, providing valuable insights for optimizing 3D bio- 
printed models for cancer research. 
2. Material and methods 
2.1. Cell preparation 

A human fibrosarcoma cell line (HT1080; ATCC; Manassas, VA) 
was cultured in Dulbecco’s Modified Eagle Medium mixed with 
10 % v/v fetal bovine serum (FBS) and 1 % v/v Pen/Strep (DMEM, 
VWR, Radnor, PA, USA), following standard practices. All chemicals, 
mediums, and substrates were mainly purchased from VWR (Rad- 
nor, PA, USA), otherwise mentioned. 
2.2. Cells spheroid protocol 

Monoculture spheroids were prepared with an initial seeding 
density of 1 × 104 cells/well in 200 µL cell suspension seeded 
to a non-adherent round-bottom 96-well plate (Corning, NY, USA). 
Three different cell passages of HT1080 were used to ensure vari- 
ability. The ultra-low attachment (ULA) plates were centrifuged at 
2500 rpm /850 xg for 5 min in a plate centrifuge device (VWR, 
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Fig. 1. The fabrication process: A. Soft tissue sarcoma (STS) spheroid formation and encapsulation in low-attachment well-plates; B. Multi-material bioprinter used to extrude 
the 3D hydrogel construct; C. Chemistry of gelatin methacryloyl (GelMA) functionalized with methacrylic anhydride; D. Bioprinting strategy for our 3D hydrogel microfluidic 
chip using spheroid embedded GelMA and sacrificial ink showing the details and parts and more sophisticated perfusable channel patterns created through our customized 
g-code tool; E. Two bioprinted chips and the experimental setup to run fluid over time; F. Bioprinted spheroid-laden hydrogel chip and spheroid location at Day 0. 
Radnor, PA, USA) to form spheroids through centrifugal force. At 
Day 3, we started quantifying spheroids’ diameters and roundness 
through ImageJ software. Roundness is based on the ratio between 
the inscribed and the circumscribed circles. We imaged 28 sam- 
ples, selected arbitrarily from three biological replicates in a 96- 
well plate, and evaluated the frequency of roundness to ensure the 
efficiency of the protocol. After quantification, HT1080 spheroids 
were encapsulated into different GelMA solutions and used for the 
next step. 
2.3. Bioink preparation 

GelMA was synthesized according to an established protocol 
[ 53 ]. In a 100 mL glass flask of Dulbecco’s phosphate-buffered 
saline (DPBS) (Sigma-Aldrich, St. Louis, MO, USA) and 10% w/v 
porcine skin gelatin (CAS Number 90 0 0–70–8; Sigma-Aldrich, St. 
Louis, MO, USA) were mixed. The flask was covered to pre- 
vent evaporation and was stirred using a magnetic stir bar on 
a hot plate at 60 °C until fully dissolved (around an hour). Af- 
ter the gelatin dissolved in the DPBS, 3 ml methacrylic anhydride 
(CAS:760–93–0, Sigma-Aldrich, St. Louis, MO, USA) was slowly 
pipetted into the solution. The temperature was turned down to 50 
°C, and the solution stirred and reacted for an hour. Pre-warmed 
DPBS was 5x the volume of the initial solution and was added 
to the solution after an hour to stop the reaction. Dialysis tub- 
ing (12–14 kDa molecular weight cut-off) was used to dialyze 
GelMA and wash off excess methacrylic anhydride for a week, and 
the solutions were transferred into centrifuge tubes and stored at 
−80 °C. After freeze-drying, GelMA solution (5, 7, and 10% w/v) 

was prepared with DPBS and pre-warmed at 60 °C with constant 
stirring. Once fully dissolved, a final concentration of 0.5% w/v 
2-Hydroxy-1-(4-(hydroxyethyl) phenyl)−2-methyl-1-propanone (Ir- 
gacure 2959, CIBA Chemicals) was used as the photoinitiator (PI) of 
the crosslinking process. We optimized our PI concentration based 
on the viability test and compressive modulus with varying PI con- 
centrations (0.1–1 % w/v) ( Fig. S2 ). GelMA solution was mixed with 
spheroids randomly selected from three biological replicates at the 
desired concentration (i.e., 50 spheroids/ml) to form our bioink. 
This mixture was then gently agitated to ensure even dispersion 
of the spheroids throughout the bioink. The visual observation 
through a light microscope was used to check spheroid dispersion 
in the bioink. 
2.4. Bioprinting process 

Our bioprinted chip is designed and G-coded to achieve a thick- 
ness of approximately 1.5 mm, with two parallel channels that 
are each approximately 500 µm in diameter, printed as a sin- 
gle extruded PF-127 filament. Spheroids are arbitrarily distributed 
throughout the chip. We used two different bioinks via direct 
ink writing multimaterial BIOMAKER Bioprinter having two noz- 
zle capacities (SunP Biotech, Cherry Hill, NJ). We optimized the in- 
put nozzle sweeping speed ( ∼ 4.7 mm/s) and the extrusion rate 
( ∼ 270 mm/min) based on resolution trials using Pluronic F-127 
(Sigma Aldrich, St. Louis, MO, USA) with a 25 G needle ( Fig. S6 ) to 
print sacrificial structure of the chip. 

The bioprinted chips were then crosslinked for 3 min or 6 
min (10 mW/cm ²) using a UV-crosslinker (VWR, Radnor, PA, USA; 
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365 nm). We also created a perfusable channel and conducted 
a perfusion test to show the shape fidelity of the channel ( Fig. 
S6 ). The perfusion test was then conducted with an aqueous so- 
lution of ∼10 µm polystyrene microparticles (Sigma-Aldrich, St. 
Louis, MO) at a 30 µl/min flow rate with an infusion pump (WRI, 
Sarasota, FL). Detailed information about our customized g-code 
generator tool is in a supplementary file ( Fig. S4–6 ). Then, we 
washed the Pluronic F127 channel to obtain a perfusable chan- 
nel [ 54 ]. The channel was used to feed the chip via a culture 
medium. 
2.5. Mechanical characterization 

Standard compression testing was performed to determine the 
material’s stiffness under physical load. We followed a standard 
protocol [ 55 ] and fabricated disk-shape samples of 10 mm in diam- 
eter and 5 mm in height. We placed samples between the metal 
flat plates of the universal testing machine (Instron, MA, USA), 
and the tests were performed using the strain rate of 1 mm/min. 
Young’s modulus was calculated as the slope of the stress-strain 
curve from up to 10 % strain. 
2.6. Biodegradation testing 

GelMA hydrogels with 10 mm in diameter and 5 mm in height 
were tested for enzymatic degradation. They were placed in DPBS 
for 3 h at 50 °C to reach the equilibrium swelling and were then 
transferred ( n = 4) into solutions with 0.55 µg mL−1 collagenase 
[ 56 ]. Their enzyme degradations were conducted at 37 °C, and 
the images were taken during the degradation. The samples were 
weighed, and the mass loss percentage was calculated as [ 57 ] [(Wt 
– Wo ) / Wo ] ×100, where Wt is the weight of each GelMA hydrogel 
at time t , Wo is the initial weight of each GelMA hydrogel while in 
the equilibrium swelling. 
2.7. Swelling testing 

To measure the effect of GelMA concentration on hydrogel 
swelling, we prepared samples to form 5 mm thick x 10 mm di- 
ameter disks using a mold. We crosslinked for 3 min (10 mW/cm2 ) 
and freeze-dried before recording the dry weight (Wd ). Next, the 
hydrogels were re-hydrated in DPBS buffer overnight at 37 °C, and 
the swollen weights (Ws ) were recorded. The percentage degree of 
swelling (%) was measured as [ 57 ] [(Ws −Wd )/Wd ] × 100, where 
Ws is the weight of swollen GelMA hydrogel at measuring time, 
Wd is the dry weight of hydrogel samples. 
2.8. Scanning electron microscopy imaging 

For performing scanning electron microscopy (SEM), the hydro- 
gel precursor solutions were made in a custom-built polydimethyl- 
siloxane (PDMS) mold to prepare disk-shaped samples of 10 mm 
in diameter and 5 mm in height. Samples were placed in an in- 
cubator in DPBS for 24 h at 37 °C, and swollen hydrogels were 
frozen and subsequently lyophilized. The lyophilized samples were 
cut, and their cross-sections were coated with platinum using a 
turbo sputter coater (EMITECH, K575X), before SEM imaging (JSM- 
7900F Schottky Field Emission Scanning Electron Microscope). The 
quantifications of the porosity and aspect ratio were analyzed by 
ImageJ software. 
2.9. Cell assays and invasion area quantification 

To observe the invasive behavior of cells in spheroid-laden 
chips, we captured images using the Nikon Eclipse Ti-2 fluorescent 

microscope (Nikon, Melville, NY, USA) through bright-field imag- 
ing for five days post-encapsulation. We developed a customized 
smallest enclosing circle algorithm tool in MATLAB for image pro- 
cessing and quantifying the invasion area (more details in Fig. 
S7 ). The viability of encapsulated cells and spheroids in GelMA 
was assessed using one Live/Dead assay (PromoCell GmbH, Heidel- 
berg, Germany). The chips were washed with PBS (Sigma-Aldrich, 
USA), incubated for 40 min with calcein-AM (1 mM; live cells in 
green) and ethidium homodimer 1 (6 mM; dead cells in red), and 
then re-washed. Encapsulated cells ( Fig. S2 ) and spheroids ( Fig. S8 ) 
in GelMA were then imaged in the microscope through FITC and 
TRITC filters. 
2.10. Immunostaining 

Spheroids were analyzed by Actin Cytoskeleton / Focal Adhe- 
sion Staining Kit (FAK100, Millipore Sigma, USA), consisting of 
TRITC-conjugated phalloidin, anti-Vinculin and DAPI for the im- 
munofluorescent staining of actin and vinculin filaments in the 
cytoskeleton as well as the nucleus of the cells. Cells were fixed 
with Image-iTTM fixative solution (4 % paraformaldehyde, Thermo 
Fisher) for 15 min, washed with DPBS (Thermo Fisher), perme- 
abilized with 0.2 % Triton X-100 (Sigma-Aldrich) in DPBS for 
30 min, blocked with 1 % bovine serum albumin (BSA) block- 
ing buffer (Alfa Aesar, Haverhill, MA) for 1 hour, and then in- 
cubated with TRITC-conjugated phalloidin (1 µg/mL, Millipore 
Sigma, FAK100) in 1 % BSA for 2 h. Samples were washed three 
times in DPBS and mounted on slides with DAPI for nuclear 
counterstain. 

Spheroids were also stained with anti-Ki-67. The primary anti- 
body for Ki-67 diluted in BSA (1:100; purified mouse anti-Ki-67, BD 
Pharmingen) was subsequently incubated overnight at 4 °C. Sam- 
ples were washed with PBS and incubated with the secondary an- 
tibody IgG ( H + L ) (1:500; anti-mouse, Invitrogen) overnight at 
4 °C. The samples were washed with PBS, incubated with DAPI 
(1:500 in PBS; Millipore Sigma) for 20 min at room temperature, 
and washed twice with PBS. Images were captured with the fluo- 
rescent microscope. 
2.11. Gene expressions analysis 

First, we used a collagenase solution to collect STS spheroids for 
real-time polymerase chain reaction (RT-qPCR) analysis. We used 
1 mg/ml collagenase (IA, 125 CDU/mg, Sigma-Aldrich, St. Louis, 
MO, USA) and degraded cell-laden GelMA samples for 6 h. Sam- 
ples were collected into small centrifuge tubes and centrifuged us- 
ing accuSpin Micro 17 (Fisher Scientific, Pittsburgh, PA, USA) at 
10,0 0 0 ×1 g, for 10 min, then the supernatant was removed, and 
samples were resuspended in RLT buffer from the RNeasy Mini 
Kit from Qiagen. RNA was extracted using the RNeasy Mini Kit 
per the manufacturer’s instructions. RNA concentrations were mea- 
sured using the NanoDrop ND-10 0 0 (Thermo Scientific) and nor- 
malized to 500 ng of RNA for cDNA synthesis. cDNA was syn- 
thesized using the iScript cDNA Synthesis Kit by BioRad per the 
manufacturer’s instructions. cDNA samples were diluted 1:10 in 
RNase-free water and plated in technical triplicate, and RT-qPCR 
was performed using the BioRad CFX96 model and RT2 SYBR Green 
ROX qPCR Mastermix by Qiagen. Primers were purchased from IDT, 
and sequence or catalog information is presented in Supplemen- 
tary Materials (see Table S1 ). HIF-1 α, CD44, MMP2, and MMP9 
expression levels were normalized to β-actin using the qgene96 
Excel macro (BioTechniques Software Library) [ 58 ]. Data was com- 
piled in Prism9 GraphPad, and significance was determined be- 
tween spheroid groups using a one-way ANOVA and subsequent 
Tukey’s multiple comparisons test in GraphPad with alpha set at 
0.05. 
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2.12. Statistical analysis 
Statistical analysis was performed using the GraphPad Prism9 

statistical tool. A one-way analysis of variance (one-way ANOVA) 
test was used for data analysis. A value of p < 0.05 was considered 
to be statistically significant. Relative fluorescent intensities in the 
images were quantified using ImageJ. 
3. Results and discussions 
3.1. Spheroid characterization 

We characterized the spheroid morphology via the colony 
shape’s regularity, known as the roundness [ 59 , 60 ]. Spheroids’ cir- 
cular morphology and roundness indicate the degree of cell-cell 
adhesion, uniformity of cell distribution, and overall structral in- 
tegrity. Our results showed the creation of rounded spheroids with 
a slightly left-skewed normal distribution of roundedness within 
a ULA plate ( Fig. 1 A and Fig. S1 ). We calculated the projected area 
and circularity to measure the spheroid size according to the cross- 
sectional area of cell spheroids using ImageJ at Day 3 and on a 
ULA plate. The average cross-sectional diameter is 428 ± 18 µm, 
and circularity degrees obtained from the spheroids indicated cir- 
cular morphology with values ranging 0.83 − 0.98 ( n = 28). A high 
circularity is important for the scalability and repeatability of the 
bioink for the high-throughput manufacturing of our model. 

We then studied the effect of the bioink composition and fab- 
rication process on the spheroids and the geometrical features. We 
observed ECM secretions throughout the spheroid culture in the 
ULA, which ensure compactness and an increased roundness of the 
spheroids consistent with the literature [ 59 , 61 ]. The compactness 
will create essential TME cues, such as hypoxia, leading to well- 
organized tumor growth and subsequent ECM remodeling via the 
regulation of MMPs and other cellular factors. 
3.2. Biophysical characterization of bioinks 

We evaluated the influences of the bioink mass concentrations 
on the physical/mechanical properties and biodegradability of 
the bioprinted structures ( Fig. 2 ) [ 43 , 62 , 63 ]. Preliminary stud- 
ies showed that a concentration between 5 and 10% w/v offers 
ideal cell viability and promotes proliferation [ 47 , 64 ]. At three 
concentrations of 5, 7, and 10% w/v, stress versus strain curves 
( Fig. 2Ai ) and average compressive modulus ( Fig. 2Aii ), swelling, 
and degradation properties ( Fig. 2Bi-iii ) were obtained for this 
study. Fig. 2Bii shows that 5% w/v GelMA (or 5 % GelMA) swelled 
more compared to 7 % and 10 % GelMA, relative to its initial 
weight. The 10 % GelMA case degrades the slowest due to its 
higher network density, which arises from more crosslinked side 
chains, lowering the collagenase degradation rate ( Fig. 2Biii ). The 
elastic modulus represents the physical properties of the bioink 
at the macroscale, which is controlled by the gelatin macromere 

Fig. 2. A. Average stress vs. strain curves for each GelMA variation (i), average Young’s modulus for each GelMA permutation (ii); B. Swelling results of the three different 
concentrations (5, 7, and 10% w/v) showing the time history (i), and percentages (ii), along with biodegradation results (iii); C. Porosity imaging for the three different 
concentrations (5, 7, and 10% w/v) through SEM (scale bar is 100 µm); D. Comparative illustration demonstrating the impact of increased GelMA concentration on the 
biophysical properties of crosslinked GelMA. The data sets are presented as mean ± s.d., n = 4. 
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density and configurations at the microscale. The results belong to 
the small deformation and the linear response of the bioink and 
indicate bioink tunability. 

The bulk stiffness of STS has been reported to be around 
2.4 ± 1.5 kPa (range: 0.89 – 6.3 kPa) [ 65 ]. We can tune the 
bioink to adjust the desired stiffness for STS or other solid tumors. 
Higher methacrylation degrees for crosslinking the molecules and 
macromeres are anticipated to yield higher densities of crosslink- 
ing sites that affect the bulk elasticity [ 53 ]. Miri et al. [ 48 ] showed 
that from low to high methacrylation degrees, the elastic modu- 
lus increased from ∼ 1 kPa to ∼ 6 kPa for 10 % GelMA hydrogel 
at UV exposure of 30 s. Longer UV exposures of 60 s and 120 s 
( ∼ 100 mW/cm2 ) further enhanced the elasticity of 10 % GelMA 
hydrogel up to ∼ 11 kPa and ∼ 14 kPa, respectively. They used in- 
dentation testing, which targets localized bioink properties at the 
mesoscale (i.e., between micro- and macro-scale). Increasing UV 
exposure time led to a higher elastic modulus, demonstrating re- 
sults similar to the literature [ 66 ] but at a higher rate than our 
compression testing results. The differences between our minimum 
and maximum UV exposure groups are insignificant in this study 
( p > 0.05). This difference could result from a low exposure time, 
which provides the required energy to saturate side chain reactions 
during covalent bond formation. Further crosslinking did not sig- 
nificantly alter the bioink properties. 

We compared the responses of GelMA samples with dispersed 
cells and spheroids up to Day 14. Acellular samples demonstrated 
slight mass loss where the uncrosslinked parts were dissolved. 
The degradation mode for dispersed cells and spheroids has dif- 
ferent impacts on the biophysical properties of the bioink. The 
presence of dispersed cells may impair crosslinking [ 53 ], and the 
compactness of spheroids has less effect on the crosslinking, as 
highlighted in Fig. S10 . The dispersion of cells can hamper light 
scattering, which may reduce the UV energy penetration; hence, 
5 % GelMA hydrogels could not be effectively crosslinked and were 
highly deformed. On the other hand, spheroid-laden samples re- 
mained intact up to Day 14. The tumor spheroids possess differ- 
ent properties, such as pre-formed intercellular junctions and pre- 
synthesized native ECM [ 67 ]. We observed a significant increase in 
hydrogel stiffness over time in spheroid-laden samples, especially 
at a concentration of 10% w/v. It can be speculated that lysyl ox- 
idase could potentially cause crosslinking in the lysine groups of 
the GelMA backbone [ 68 ]. This effect can be fully characterized in 
future work. 
3.3. Role of bioink in cell invasion 

Fig. 3 A-C show that hydrogel network density and porosity reg- 
ulated cell invasiveness. For each chip, we analyzed three randomly 
selected spheroids. Our SEM data ( Fig. 2 A) indicated a smaller 
pore size in 10 % GelMA versus 5 % GelMA. The average cross- 
sectional invasion radius of the spheroids was 214 ± 9 µm at Day 
0 ( Fig. S1 ). At Day 5, the average calculated invasion radius was 
1690 ± 40 µm for 5 % GelMA chips and expanded ∼ 300 µm/day 
during the five-day observation period. The average invasion radius 
for spheroids embedded in 7 % GelMA was 1480 ± 170 µm with 
a ∼ 250 µm/day expansion rate. The sizes of spheroids embedded 
in 10% w/v (237 ± 10 µm) were unexpanded. Fig. S9 demonstrates 
the rapid dissociation of three biological replicates of spheroids 
cultured in regular culture plates. The spheroids completely dis- 
sociated and attached to the culture plate within three days. 

Our findings suggest that cells exhibited more invasive behavior 
in a less stiff matrix. In a degradation-dependent invasion mode, 
rapid matrix degradation can occur in less-stiff GelMA structures 
[ 69 ] ( Fig. 2 D). Several reasons can contribute to this phenomenon. 
First, in softer hydrogels, cells encounter lower mechanical resis- 
tance, which eases their movement and penetration through the 

matrix [ 70 ]. Cellular mechanotransduction can allow cells in a 5 % 
GelMA matrix to activate signaling pathways that promote cellu- 
lar motility and invasiveness [ 71 ]. The capacity to remodel and de- 
grade softer hydrogels is a key factor in migration, enabling them 
to create pathways for movement [ 72 ]. The improved diffusion of 
nutrients and oxygen in softer hydrogels creates a more conducive 
environment for cell growth [ 73 ]. 

The tumor spheroid culture demonstrated homogeneous size, 
growth, and high reproducibility ( Fig. 3 A-C). After seeding 
spheroids, large spheroids exhibited a heterogeneous architecture 
with a peripheral proliferating region as they expanded. This ob- 
servation was consistent with published data showing that larger 
spheroids (radius > 300 µm) developed central hypoxic cores [ 74 ]. 
Given the average radius of the spheroids (430 ± 18 µm at Day 1), 
we can speculate that the limited diffusion of nutrients and oxy- 
gen to cells localized in the central region inhibited their prolifera- 
tive activity. It is unclear why spheroids embedded in the less stiff
5 % GelMA chip express higher levels of HIF-1 α. One explanation 
is that these cells are more proliferative (as indicated by our Ki- 
67 stain; Fig. 4 D), consume more oxygen, and promote a hypoxic 
environment. In this work, we cannot exclude the possibility that 
either the matrix concentration or some other aspects of the STS 
phenotype contribute to more severe hypoxia in the lowest con- 
centration (i.e., 5% w/v). 

At Day 5, the cells formed viable 3D spheroids, as shown by 
phalloidin (red), vinculin (green), and DAPI (blue) stainings in 
Fig. 4 . Cell growth in the microfluidic chip resulted in expansion, 
as confirmed with reconstructed images using fluorescence mi- 
croscopy ( Fig. 4 ). We observed that actin filaments and vinculin 
formation are more dense in 5 % and 7 % GelMA compared to 10 % 
GelMA. Previous studies suggest that ECM crosslinking and poly- 
mer density affect focal adhesion assembly, thus promoting ma- 
lignant transformation [ 75 , 76 ]. For example, Lam et al. report that 
the increased stiffness of hydrogels in a 3D culture platform sig- 
nificantly slowed the invasion of tumor cells from 3D spheroids 
[ 77 ]. This result supports our model in which spheroids in a less 
dense (i.e., higher porous) matrix tend to invade faster. Accu- 
mulation of F-actin was primarily observed at the rim of tumor 
spheroids grown in hydrogels. The increase in F-actin might be 
associated with its reported role in protecting tissues and cells 
against mechanical stress [ 75 , 76 ]. Previously, it has been reported 
that hypoxic conditions can increase F-actin formation [ 78 ]. How- 
ever, the exact mechanism driving this trend is unknown. One 
primary driver of actin polymerization is integrin binding to the 
ECM substrate, which regulates actin dynamics through Rho GT- 
Pases and downstream effectors [ 79 ]. This might suggest the en- 
hanced F-actin signal in the 5 % GelMA case. A less stiff matrix 
may promote growth factors to induce actin polymerization via re- 
ceptor and downstream Rac and Cdc42 activation [ 80 ]. A less dense 
hydrogel network could promote stem-like transformation (an in- 
creased CD44 expression level), which may explain the higher level 
of invasiveness in a less stiff (i.e., higher porosity) matrix than in a 
higher stiffness (i.e., lower porosity) matrix (see Fig. 3 ). 
3.4. Tumor cell proliferative activity 

We encapsulated STS cells within a GelMA hydrogel chip fea- 
turing active perfusion up to Day 5. Ki-67 protein is present in 
the cell nuclei during active phases of the cell cycle and absent 
in resting (non-dividing) cells. The Ki-67 expression is often cor- 
related with the aggressiveness of the cancer, significantly influ- 
enced by the hydrogel network density. In the cases of 5 and 7 % 
GelMA, which represent more porous ECM, there was an accumu- 
lation of Ki-67 positive cells that increased by the reduction of the 
bioink concentration, as shown in Fig. 4 D. The Ki-67 accumulation 
at the periphery of the invaded cells suggests higher proliferative 
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Fig. 3. Cell behavior in our bioprinted STS model: A. Smallest enclosing circle diameters of HT1080 spheroids embedded in GelMA at Day 5 of observation in three different 
GelMA concentrations; B. The bright field image of cell invasion behavior over time in 5 % GelMA at Day 5 for an example ( ∼ 400 µm at Day 1); C. Processed images 
in MATLAB using convex hull and smallest enclosing circle algorithms of spheroids; D. HIF-1 α, CD44, MMP2, and MMP9 mRNA expression values normalized to β-actin 
expression (the data sets are presented as mean ± s .e., n = 3). 
rates and increased cell motility ( Fig. 4 B; Ki-67 expression was ab- 
sent in 10 % GelMA). A significant increase in actin polymerization 
(see Fig. 4 C) supports an increase in cell motility that correlates 
with decreasing GelMA concentration. Considering the increase in 
the invasion area that correlates with decreasing matrix density in 
Fig. 3 A-C, the reduced matrix stiffness can promote both the pro- 
liferation and migration of STS cells. 

The expression of vinculin in spheroids embedded in 5, 7, or 
10 % GelMA was unchanged across groups ( Fig. 4 A-C), suggesting 
a similar capacity to bind matrix protein in STS cells regardless 
of matrix density. Our fluorescence data suggests that the invasive 
phenotype is attributable to increased cell motility via actin dy- 
namics, and our qPCR data suggests that ECM remodeling through 
MMP function may also be involved. 

MMPs related to ECM remodeling are related to cell motility 
[ 81 , 82 ]. The gelatinases, MMP2 and MMP9, degrade type IV col- 
lagen, a major component of the basement membrane [ 83 ]. Of 
particular interest is MMP2, as increased activity of this enzyme 

correlates with poor soft tissue sarcoma prognosis [ 84 ]. As GelMA 
is composed of a gelatin matrix, MMP2 and MMP9 are important 
markers of cancer aggressiveness. A prior study analyzing mRNA 
expression of MMP2 and MMP9 in human patient cases of malig- 
nant fibrous histiocytoma (MFH) found that MMP2 expression was 
higher in metastatic versus nonmetastatic cases [ 85 ]. This is con- 
sistent with our RT-qPCR data, which show a statistically signifi- 
cant increase in MMP2 expression from spheroids embedded in 5 % 
versus 10 % GelMA. Spheroids embedded in 5 % GelMA exhibit en- 
hanced invasiveness, suggesting that MMP2 expression correlates 
with an aggressive STS phenotype. This study found that MMP9 
expression was lower in the metastatic cases of MFH. The invasive 
spheroids embedded in 5 % GelMA exhibited a trending non- 
significant decrease in expression of MMP9 compared to spheroids 
embedded in 7 % GelMA ( p = 0.1499) and 10 % GelMA ( p = 0.1816). 
Our results indicate that MMP2 gene expression is downregulated 
with the increased mass concentration, while MMP9 expression 
levels increase non-significantly. Decreased CD44 and HIF-1 α
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Fig. 4. Selected cell biomarkers in a bioprinted soft tissue sarcoma (STS) model. A. At Day 5, sarcoma cells have attached to the GelMA and migrated away from the 3D 
spheroids. This migration highlights certain cell components: Phalloidin is stained in red, and vinculin is stained green. DAPI is stained in blue. The scale bar is 50 µm; 
B. Images focus on tumor cell proliferation within the GelMA environment. Ki-67 is stained red, and the cell nuclei are stained with DAPI in blue. The accumulations of 
proliferative cells at the periphery of the migrated area in the 5 % and 7 % GelMA concentrations are shown; C. Relative intensity plot of focal adhesion markers; D. Relative 
intensity plot of Ki-67 staining. 
expression levels showed a parallel trend with MMP2 expression 
that may indicate increased aggressiveness of STS in a more porous 
hydrogel network ( Fig. 3 D). Our results also support the findings of 
Wang et al. that showed the positive correlation between HIF-1 α
and MMP2 expression in hepatocellular carcinoma emphasizing 
the role of MMP2 in tumor cell invasion, and metastasis [ 86 ]. 

4. Concluding remarks 
We engineered a first-step STS microtissue for studying solid 

tumor invasion and showed the reproducibility of our model 
through various characterizations. The hydrogel-based spheroid- 
on-a-chip was subjected to a dynamic perfusion condition, as sug- 
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gested in the literature [ 14 , 87 ]. The tumor cells tend to invade a 
compact and homogenous trend in reduced ECM network density. 
In contrast, an ECM network density above a threshold can pre- 
vent the invasive potential of tumor cells. The chemistry, stiffness, 
and porosity of synthetic or natural polymer-based scaffolds influ- 
ence cellular invasion. This work focused on tunable ECM prop- 
erties while simplifying factors such as cell composition. Though 
some recent reports recommend cell spheroid models for studying 
metastasis and epithelial-to-mesenchymal transition, their poten- 
tial as a platform for cellular invasion studies has not been de- 
tailed. Prior studies showed that ECM properties affect focal ad- 
hesion assembly and thus promote malignant transformation [ 88 ]. 
Altered ECM can induce hypoxia in cancer cells [ 16 ] and regulate 
cancer cell invasion [ 89–91 ]. We focused on the effect of hydrogel 
network density, which mimics ECM properties, on MMP expres- 
sion and STS invasion [ 92 ]. 

Most in vitro experiments use cultured cells in 2D on Poly-d- 
Lysine coated surfaces, Matrigel, and ECM-derived protein suspen- 
sions. Spheroid models are based on scaffold-free cell collections 
or cell-laden hydrogels [ 93 ]. Scaffold-free spheroids lack tumor- 
stromal ECM interactions compared to dispersed cell-laden hydro- 
gel models. In addition, the dispersed cell-laden hydrogel mod- 
els cannot replicate the hypoxic conditions [ 94 ]. We show that 
manipulating GelMA concentration can stimulate variable effects 
on hypoxia and MMP expression. The study of hypoxic conditions 
and MMP function is integral to understanding metastasis. The mi- 
crochannel helps deliver nutrients to tumor cells, which can be 
vascularized to study the intravasation of cancer cells into the cir- 
culation. The next step may include a diverse heterotypic spheroid 
model of two or more cell types. This would be applied to study 
tissue development and organization. The optimal conditions that 
contribute to the self-assembly of tissues mimicking their normal 
behavior in vivo, including vascularization, can be assessed using 
our chip. 

The present tumor-on-a-chip benefits from scalability ( Fig. S4–
6 ), allowing clinicians to measure results and automate data col- 
lection and interpretation ( Fig. S7 ). We also presented a modified 
g-code tool that allows for the automation and ease of design for 
those who are not able to use any 3D design tool during the bio- 
printing process, a step that is crucial for high-throughput applica- 
tions and clinical trials. The low-cost chips are simple and can be 
manufactured using a benchtop system. Our scalability represents 
an advancement in cancer modeling. Our chip can be employed to 
study drug cytotoxicity, signaling pathways, and cell-drug interac- 
tions. Future steps would include adding more organotypic cellular 
components (e.g., stromal cells) to the chip and comparing the cell 
response for the commercial cell line with that of patient-derived 
primary cells. 
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