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A B S T R A C T   

Recent advances in biomaterials and 3D printing/culture methods enable various tissue-engineered tumor 
models. However, it is still challenging to achieve native tumor-like characteristics due to lower cell density than 
native tissues and prolonged culture duration for maturation. Here, we report a new method to create tumoroids 
with a mechanically active tumor-stroma interface at extremely high cell density. This method, named “inkjet- 
printed morphogenesis” (iPM) of the tumor-stroma interface, is based on a hypothesis that cellular contractile 
force can significantly remodel the cell-laden polymer matrix to form densely-packed tissue-like constructs. Thus, 
differential cell-derived compaction of tumor cells and cancer-associated fibroblasts (CAFs) can be used to build a 
mechanically active tumor-stroma interface. In this methods, two kinds of bioinks are prepared, in which tumor 
cells and CAFs are suspended respectively in the mixture of collagen and poly (N-isopropyl acrylamide-co-methyl 
methacrylate) solution. These two cellular inks are inkjet-printed in multi-line or multi-layer patterns. As a result 
of cell-derived compaction, the resulting structure forms tumoroids with mechanically active tumor-stroma 
interface at extremely high cell density. We further test our working hypothesis that the morphogenesis can 
be controlled by manipulating the force balance between cellular contractile force and matrix stiffness. 
Furthermore, this new concept of “morphogenetic printing” is demonstrated to create more complex structures 
beyond current 3D bioprinting techniques.   

1. Introduction 

Tissues are complex structures made up from different cell types 
embedded in extracellular matrix, generating a three dimensional 
structure (3D). Being able to generate 3D tissue outside the body that 
resembles some characteristics of the tissue in vivo is a fascinating field 
[1]. Three-dimensional engineered tumor models emerge as new tool for 
cancer biology, drug discovery, and medical research [2–7]. These 
models include spheroids, organoids, microfluidic platforms, and 
3D-printed constructs [3,8–11]. Among the models, spheroids and 
organoids are the most commonly used models for cancer research [12, 
13]. These two models have overlapping purposes but differ in cellular 

sources and preparation protocols. Spheroids are of lower complexity 
but capable of recapitulating several features of the 3D tumor micro-
environment: structural organization, cellular layered assembling, 
hypoxia, and nutrient/oxygen gradients [14]. Techniques to prepare 
spheroids include hanging drop methods, formation on low-attachment 
surfaces, magnetic levitation, spinner flasks, and matrix encapsulation 
[15]. On the other hand, organoids histologically and genetically 
resemble the original tumors where they were derived since they are 
generated from patient/mouse-derived cancer cells or by engineering 
induced pluripotent stem cells [15,16]. Moreover, spheroids, and 
organoids have recently been used as promising platforms for preclinical 
research in personalized/precision medicine [17]. 
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These engineered tumor models can generally provide a 3D micro-
environment with cell-cell, cell-matrix, and cell-fluid interactions rele-
vant to the tumor microenvironment (TME) in vivo. However, many of 
these models focus on tumor cells and often overlook the significance of 
the tumor-stroma interface, which is crucial to faithfully reconstitute the 
TME. Stroma tissue, consisting of primarily cancer-associated fibroblasts 
(CAFs) in a highly fibrotic extracellular matrix, interacts with tumor 
tissues in both biochemical and biomechanical ways and plays impor-
tant roles in tumor progression, invasion, and drug resistance [15,18]. 
This suggests that the stromal component is critically important to 
create engineered tumor models representative of the TME in vivo. Thus, 
more recently developed 3D models, called assembloids, incorporate 
different cell types and enable spatial tissue organization [19–21]. 
Assembloids have been achieved by connecting or fusing organoids and 
spheroids resembling multiple cell/tissue types [22]. Later 
patient-specific tumor assembloids was reported comprising 
patient-derived bladder tumor tissue, CAFs, immune cells, and a muscle 
layer [23]. Several groups have also shown the concept of using spher-
oids/organoids as building blocks to form millimeter to centimeter-scale 
tissues at defined organizations [24,25]. 

However, there are still several key technical challenges to create 
tumor-stroma models capable of reconstituting native tumor-like envi-
ronment. First, the cell density of the currently available tumor models is 
still significantly lower than that of native tissues. Cell packing density is 
crucially important to faithfully reconstitute cell-cell interaction at the 
tumor-stroma interface. The right cell packing density is also thought to 
closely relate to the mechanical status at this tissue-tissue interface. 
However, reaching a high cell density comparable to a native tissue 
(108–109 cells cm− 3) [26] requires a long culture duration using current 
techniques from the cell seeding density of typical 106 cells cm− 3. 
Achieving matured 3D tumor models with the highest cell density of 108 

cells cm− 3 compatible with native tumor tissues takes several days or 
weeks. 

For example, the cell seeding density of the traditional methods of 
creating tumor spheroids/organoids is 105 cells cm− 3, and the growth of 
tumor cells into functional spheroids takes dozens of days [27,28]. 
Preparing tumor organoids is even longer since organoids are usually 
derived from stem cells and need specific differentiation [29,30]. The 
cell seeding density in the scaffold-based models is 106–107 cells cm− 3, 
and it takes a few weeks to obtain an engineered tissue with the highest 
cell density of 108 cells cm− 3 [31,32]. Although the fabrication process 
is relatively faster for 3D bioprinting, the cell density of the bio-inks 
remains low (106 cells cm− 3) [33,34]. Consequently, the two practical 
limitations of current 3D tumor models are low cell seeding density and 
prolonged culture duration. Furthermore, there are few tumor models 
recapitulating mechanical stress status at the tumor-stroma interface. 
Although the significance of the biomechanics interactions at the 
tumor-stroma interaction is recognized [35,36], most tumor models are 
relying on co-culture with mechanically non-constraint cell-cell con-
tacts. These models are not adequate to reconstitute the mechanical 
interaction at the tumor-stroma interface. 

In this study, we report a new method capable of rapidly creating (<1 
day) tumoroids with tumor-stroma interface at extremely high cell 
packing density (~108 cells cm− 3). This method, named as “inkjet- 
printed morphogenesis” (iPM), is based on a hypothesis that cancer cells 
and CAFs can exert differential contractile forces on the polymer matrix 
and actively compact the matrix. Thus, by inkjet printing of “two colors” 
cell-laden polymeric inks (i.e., cancer cells and CAFs), tumoroids with 
densely-packed cells will be formed by cell-derived compaction. The 
polymeric inks are prepared by mixing each cell line into 
interpenetrating-polymer inks (IPIs), formulated with Poly (N-iso-
propylacrylamide-co-acrylamide) P(NIPAM-co-AM), and type I collagen. 
First, the rapid formation of tumoroids by active shrinking is demon-
strated and analyzed by time-lapse microscopy. Next, confocal micro-
scopy and immunohistochemistry are conducted to characterize the cell 
density, detailed morphology, and specific biomarkers of printed 

tumoroids. Then, tumoroids’ stiffness is measured by indentation tests to 
compare with murine tumors. Further iPM experiments are performed to 
investigate the force balance between cells’ contractile force and the 
matrix resistance, to validate our hypothesis. Lastly, the concept of iPM 
is further extended to create complex cavity geometry and large tissue 
constructs. The results are discussed to establish a new method to 
rapidly create 3D tumor-stroma models that closely recapitulate the in 
vivo TME. 

2. Materials and methods 

2.1. Cells culture and reagents 

Human pancreatic cancer cells (Panc10.05, labeled with tdTomato) 
and pancreatic cancer-associated fibroblast (CAF19, labeled with GFP) 
are primarily used. Panc10.05 and CAF19 are cultured in Dulbecco’s 
Modified Eagle Medium (Advanced DMEM, Life Technologies, CA, USA) 
supplemented with 10% v/v fetal bovine serum (FBS), 2 mM L-glutamine 
(L-glu), and 100 μg ml− 1 penicillin/streptomycin (P/S). 

For testing the effect of cell type in this study, pairs of human pros-
tate cancer cells (PC3) and prostate cancer-associated fibroblast (5286), 
and pairs of murine pancreatic cancer cells (KPC2) and murine cancer- 
associated fibroblast (mCAF) are also used. Human prostate cancer 
cells and the CAFs are cultured in the same medium as described above. 
The murine cancer cells and the CAFs are maintained in RPMI 1640 
supplemented with 5% v/v FBS 2 mM L-glu, and 100 μg ml− 1 P/S. 

All cells were cultured in 25 cm2 T-flask at 37 ◦C and 5% CO2. Cells 
were harvested for the experiments using 0.05% trypsin and 0.53 mM 
EDTA (Life Technologies, CA, USA) when the cells reach 70–80% 
confluency. 

2.2. Formulation of cell-laden interpenetrating-polymer inks (IPIS) 

An interpenetrating-polymer ink (IPI) is formulated by mixing rat 
tail collagen type-I (Corning Inc., NY, USA) with Poly (N-isopropyl 
acrylamide-co-methyl methacrylate) (P(NIPAM-co-MMA)), Poly-
SciTech, West Lafayette, IN). The inverse thermopolymers are selected 
due to their gelation kinetics can be controlled by varying the temper-
ature. Furthermore, the ink can be formulated for relevant material 
properties for jetting and deposition. These properties are viscosity and 
surface tension. Besides, PNIPAM-based hydrogels and collagens are 
well-known ECM mimetic materials due to their high biocompatibility 
and biodegradability. Lastly, the addition of collagen is to add structural 
integrity, which provides physical support to tumoroids. 

The P(NIPAM-co-MMA) is dissolved in deionized water at 4 ◦C to 
achieve 1% w/v concentration. A stock solution of rat tail collagen type-I 
is mixed with 10X PBS, 1 N NaOH, 0.1 M HEPE solution, 5% v/v FBS, 2 
mM L-glu, 100 μg ml− 1 P/S, and cell-culture grade distilled water at 
appropriate proportions to obtain a final collagen solution that had 
neutral pH, isotonic ionic strength, and a collagen concentration of 3 mg 
ml− 1. The IPI is then prepared by mixing 3 mg ml− 1 collagen with 1% w/ 
v P(NIPAM-co-MMA) with a 3:1 or 2:1 volume-to-volume ratio in the 
study to investigate the effect of polymer stiffness. Finally, cancer cell 
inks and CAF inks are prepared by mixing the IPI with harvested cancer 
cells and CAFs, respectively. The standard cell density of a cell-laden ink 
is 5 × 106 cells cm− 3. The cell densities of 105 and 106 cells cm− 3 are 
prepared to investigate the effect of cell density. The drop volume upon 
printing is around a hundred nanoliters, so, there are around ten cells in 
a drop at a cell density of 105 cells cm− 3 and a hundred cells at a cell 
density of 106 cells cm− 3. 

2.3. Inkjet printing setup 

The drop-on-demand (DOD) printing setup consists of a PipeJet 
dispenser (BioFluidiX, Germany) and a stage controller (Physik Instru-
mente, USA) [37].The PipeJet dispenser is driven by a tunable high 
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voltage pulse generated by the drop firing program and associated 
electronics. A piezo stack actuator driven by the high voltage pulse will 
extend and partially deform the tube/pipe installed in the dispenser. The 
deformation causes local volume change within the pipe that pushes a 
drop of ink/liquid out of the orifice/nozzle of the pipe. Cancer cell inks 
and CAF inks are supplied to the pipes from a connected ink reservoir 
above the dispenser. A pipe with a 500 μm diameter nozzle is used. An 
XY stage provides addressable substrate movement to 0.2 μm. Cell-laden 
ink drops with a diameter of ~1000 μm are deposited on a glass 
well-plate. 

2.4. Inkjet printing of cell-laden interpenetrating-polymer inks (IPIS) 

Prepared cancer cell ink and CAF ink are printed and cured using the 
inkjet printing setup. First, five cancer cell-laden drops are deposited on 
a glass well-plate, forming a line array. Then, the drops are cured for 1 
min at 37 ◦C for gelation of IPI. Next, five CAF-laden drops are deposited 
adjacent to the first line and cured for 1 min at 37 ◦C for gelation of the 
whole structure. The cell medium is added afterward. Finally, the 
polymer matrix would be compacted by the contractile force generated 
by the cells. A 3D tumor-stroma model (i.e., tumoroid) will be formed as 
the matrix compacts. In addition, the tissue compaction process is 
recorded by time-lapse fluorescent microscopy (Olympus IX71, Japan). 

2.5. Confocal microscopy 

Before conducting confocal microscopy, cells in tumoroids are 
labeled for cell nuclei (Hoechst 33,342, Sigma Aldrich, MI). The stained 
tumoroids are fixed on day 3 with 4% formaldehyde for 10 min. Z- 
stacked confocal images are acquired at 10 μm intervals using a confocal 
microscope (A1R-MP, Nikon, Japan). At each focal plane, fluorescence 
illuminations are obtained. The fields of view of confocal fluorescence 
are reconstructed as 3D using ImageJ to highlight the configuration of 
the cells in 3D. Moreover, the nuclei signals at multiple stacks are used to 
count the cell number. 

2.6. Preparation of mouse tumor 

KPC tumor cell lines are generated from individual primary tumors 
derived from KPC (KrasG12D/+, p53R172H/+, ElasCreER/+) mice at Purdue 
University Biological Evaluation Core. Cells are maintained in 
RPMI1640 medium containing 10% FBS and 1% penicillin/strepto-
mycin. When cells are grown to about 70% confluency, they are lifted 
with 0.05% trypsin which is then neutralized via the addition of the 
medium containing 10% serum. Cells are washed 2×, and orthotopic 
injections of 50 μl are performed in C57 B l/6 mice at a concentration of 
2 × 106 cells cm− 3 in sterile PBS per mouse. Finally, the tumor tissue is 
harvested three weeks after injection. 

2.7. Immunohistochemistry 

Printed tumoroids are washed in PBS and fixed in 4% para-
formaldehyde (PFA) for 10 min on day 3. Then, the fixed tumoroids are 
embedded in 4% low melting point agarose gel [38]. Next, it is subjected 
to routine histological processing. Finally, according to standard pro-
tocol, samples are paraffin-embedded, sectioned, and stained with H&E, 
Ki67, Vimentin, E-cadherin, and DAPI. 

Mouse tumors are fixed in 10% neutral buffered formalin for up to 
48 hr and are then placed in 70% ethanol. Next, samples are paraffin- 
embedded, sectioned, and stained with H&E according to standard 
protocol. 

2.8. Indentation tests for characterization of elastic modulus 

Normal indentation testing combined with a contact mechanics 
analysis is used to quantify the mechanical properties of the 3D printed 

tumoroids. A custom-built mechanical testing device is used to perform 
indentation experiments (Fig. 5 (A)). The device consists of a linearly 
encoded piezoelectric actuator (PI N-381 NEXACT) that controls motion 
and records displacement values, a 10 g capacity load cell (Futek LSB200 
S-Beam) that records load values, and a cylindrical glass probe with 1 
mm diameter (Edmund Optics). The setup has been described previously 
[39]. The flat end of the cylindrical probe compresses the spherical 
tumoroids (with ≈500 μm diameter) until reaching a pre-defined load of 
500 μN, then retracts until the probe and tumoroid are no longer in 
contact. Additionally, these experiments are performed while the 
tumoroids are submerged underwater. The tumoroid tested is centered 
under the probe using a mechanical stage positioned over an inverted 
optical microscope (Leica DMi 8). Cyclic testing (n = 3) was first per-
formed on a tumoroid to ensure that only elastic (reversible) deforma-
tion occurred during contact (see Fig. S2). Then, the load-displacement 
data recorded by the mechanical testing device is used to calculate the 
elastic modulus of the printed tumoroids by Hertzian contact mechanics 
theory (see supporting information). 

Flat punch indentation testing was also used to determine the 
modulus of the mouse tumor. First, flat tumor slices with ~1 mm 
thickness are cut from bulk mouse tumors. Then, a punch with a 1 mm 
diameter is indented into the tumor until reaching a max compressive 
load of 1 mN and retracted. Finally, the load-displacement data recorded 
by the device is used to calculate the elastic modulus of the mouse tumor 
by using a common contact mechanics theory [40] (see supporting 
information). 

2.9. Cell contraction assay 

Each cell type is harvested, counted, and seeded in the inter-
penetrating polymer ink (IPI) with a cell density of 5 × 106 cells cm− 3. A 
cell-laden drop with 2 μl volume is pipetted in a glass well-plate. Then, 
the drop is cured at 37 ◦C for gelation of IPI. The culture medium is 
added afterward. Time-lapse images recording the contraction of cell- 
laden drop are taken for 24 h. Then, ImageJ software is used to mea-
sure the diameter of the drop. Finally, the contraction index is defined as 
the diameter changed at 24 hr versus the original diameter of the drop. 

2.10. Statistical analysis 

Relevant study groups in each experiment were compared using a 
paired t-test. A minimum of three samples were analyzed for each group. 
The minimum level for statistical significance was p < 0.05. 

3. Results 

3.1. Rapid formation of 3D tumor-stroma models by differential cell- 
derived contraction 

Solid tumors are composed by heterogeneous cell population. 
Mainly, by cancer cells and stromal cells, embedded in extracellular 
matrix, all together forming the TME. Among the stromal cells, cancer- 
associated fibroblasts (CAFs) are the major cellular component of the 
tumor stroma which play an important role in matrix remodeling, 
secretion of cytokines and changing tumor stiffness by the accumulation 
of extracellular matrix components [41]. We hypothesize that the cancer 
cells and CAFs can exert contractile forces on the polymer matrix and 
CAFs exhibit stronger contractility than cancer cells, as illustrated in 
Fig. 1A. This hypothesized mechanism is accomplished by inkjet print-
ing of cell-laden interpenetrating-polymer inks of P(NIPAM-AM) and 
collagen, as shown in the schematic process in Fig. 1B. First, cancer cell 
ink and CAF ink are printed and cured subsequently. Next, the culture 
medium is added. After adding the culture medium, the cell-embedded 
matrix will detach from the substrate and actively shrink due to the cells’ 
contractile force. Finally, the cells with stronger contractility (CAF19) 
are anticipated to form in the inner side surrounded by the cancer cells 
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with weaker contractility (Panc10.05). Moreover, we can note that re-
sidual stress exists within the tumoroids. The whole matrix is experi-
encing compressive stress; however, at the cancer cell-CAF interface, 
cancer cells are under compression, whereas CAFs are under tension 
with respect to their own tissue layer (illustrated by the blue arrows in 
Fig. 1B), allowing the bending of the two laden drops of each cell type. 
This captures a key feature of in vivo tumor microenvironment (TME): 
the tumor interior is experiencing compressive stress while the sur-
rounding stromal tissue encounters tensile force [35,36,42]. To verify 
the stress distribution within the cell-laden matrix, a simple model 
mimicking the two-layer tissue compaction is performed by COMSOL 
Multiphysics provided in supporting information. 

Fig. 1C shows the structural and mechanical characterization of the 
interpenetrating-polymer inks (IPIs) used in the study (see Materials 
and Methods). The ratio labeled in Fig. 1C suggests the P(NIPAM-co- 
MMA) to collagen volume-to-volume ratio. The result shows that IPI 
with more collagen (1:3 IPI) has a slightly higher stiffness but a less 
porous microstructure. In contrast, IPI with less collagen content (1:2 

IPI) is softer and more porous. Furthermore, it is noted that although the 
inks are formulated with P(NIPAM-co-MMA) and type-I collagen, the 
fibrous structure of collagen dominates the microstructures of IPIs. 

The contractility of the cells, namely human pancreatic cancer cells 
(Panc10.05) and the pancreatic cancer-associated fibroblasts (CAF19), is 
evaluated by contraction assay (see Materials and Methods) in Fig. 1D. 
The time-lapse images showing the contraction process of each cell type 
and the corresponding contraction index suggest that CAF19 is more 
contractile than the Panc10.05. This result is expected since studies have 
shown that fibroblasts are highly contractile and play an essential role in 
wound healing [43]. Also, chronic wound healing response by CAFs 
increased stiffness in the tumor by the accumulation of ECM proteins, 
which creates compressive forces [44]. 

3.2. Rapid formation and long-term culture of 3D tumoroids with tumor- 
stroma interface 

As we showed before CAF19 are more contractile than Panc10.05, 

Fig. 1. The hypothesis of inkjet-printed morphogenesis of tumoroids. (A) Illustration of contractile forces generated by a CAF and a cancer cell on the polymer 
matrix; (B) Schematic of inkjet printing of cell-laden interpenetrating-polymer inks along with the hypothesized mechanism of tissue compaction; (C) Scanning 
Electron Microscopy (SEM) images showing the microstructures and the elastic modulus showing the mechanical stiffness of the interpenetrating-polymer inks (IPIs) 
(the ratio indicates the P(NIPAM-co-MMA) to collagen ratio) (scale bar: 1 μm); (D) contraction assay and quantification of contraction index of human pancreatic 
cancer cells (Panc10.05) and pancreatic cancer-associated fibroblasts (CAF19) (scale bar: 500 μm). (n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001). 
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then we test our hypothesis about the inkjet-printed morphogenesis. The 
fluorescent time-lapse images in Fig. 2A reveal the forming process in 
24 hr, confirming that cells’ contractile force compacts the matrix, and 
the mismatched strain determines the folding manner (see Movie S1 for 
the active shrinking process). Then, the volumetric strain was quantified 
by measuring the matrix area in the time-lapse images, as shown in 
Fig. 2B. The corresponding volumetric strain shows that the matrix size 
reduces significantly and that the 3D structure starts to be formed in 12 
h. In addition, the created tumoroid exhibits a tumor-stroma interface 
with CAF19 (labeled with GFP - Green) inside and Panc10.05 (labeled 
with tdTomato - Red) outside, resulting from the contractility difference 
between cancer cells and CAFs, as shown in Fig. 2A at t = 24 hr. This 
confirms that the cells with higher contraction will self-assemble to the 
inner part of the tumoroid, whereas the cells with lower contraction will 
self-assemble on the exterior. The result shown confirms the differences 
in the cell’s contractility can induce a shrinking process, that allows the 
formation of tumoroids with tumor-stroma interface. 

This contraction also impacts the cell density and collagen concen-
tration in the newly formed structures. The changes in cell density and 
collagen concentration are quantified based on the volumetric strain. 
The cell density increases rapidly with the rapid size decrease, as shown 
in Fig. 2C (blue curve). The predicted cell density of the 3D tumoroid on 
day 1 reaches 108 cells cm− 3, close to the cell density of native tumors 
[26]. However, the cell density might be underestimated since cell 
growth is neglected in the initial 24 hr of compaction. Similarly, the 
collagen concentration increases with the size decrease, as shown in 
Fig. 2C (red curve). The collagen concentration change serves as a 
conservative estimation since the collagen would degrade or be syn-
thesized by the fibroblasts, which is not considered. Nonetheless, the 
quantification data provide a shred of evidence that the printed 
tumoroids have a composition with highly-packed cells and dense 
collagen content, close to the in vivo TME. 

Moreover, the printed tumoroids could be cultured for at least two 
months, as demonstrated in Fig. 2D. During the two-months culture, the 

shape of the tumoroid remains uniform (sphere with 500 μm diameter). 
The average size of the tumoroids is consistent (note supporting infor-
mation). Therefore, as the cells grow continuously in a confined space, 
the tumoroid becomes dense and experiences mechanical compressive 
stress within the structure. This environment replicates a key feature in 
actual tumors that total stress is compressive in the tumor’s interior in 
all directions. In contrast, the tumor’s periphery is experiencing 
compressive stress in the radial direction but tensile stress in the 
circumferential direction [35]. 

3.3. Microscopic and stiffness characterization of tumoroids by iPM 

More details of the tumoroids were analyzed by confocal microscopy. 
Analysis of the images provides a more detailed morphology of the 
printed tumoroids. As shown in the 3D reconstruction in Fig. 3A, CAF19 
cells are in the inner core of the tumoroid surrounded by cancer cells 
(Panc10.05). In addition, the result shown that CAF19 cells will grow 
extensively from the core to the surrounding, while cancer cells will 
grow homogeneously around the core of the CAFs. Furthermore, the 
cells’ nuclei are visualized using the Hoechst staining (marked in blue). 
Fig. 3 B shows many nuclei signal at multiple z-stacks, allowing cell 
counting. Then, the tumoroid’s volume is calculated by ImageJ based on 
the confocal image stacks. Finally, the measured cell density is 4.6 × 108 

cells cm− 3 (n = 3). This is significantly higher than those of conventional 
spheroids [27,28]. The high cell density of the printed tumoroids is 
again proved to be comparable to native tumor tissues and can more 
closely mimic the in vivo tumor microenvironment (TME). 

The elastic modulus of the tumoroids was measured by indentation 
testing. The setup is shown in Fig. 3C, and the response of a tumoroid 
tested during loading and unloading is demonstrated in Fig. 3D (see 
Movie S2 for the indentation process). The tumoroid size increases with 
the probe’s displacement due to the compression of the probe on the 
tumoroid. When the probe senses the prescribed maximum load, the 
tumoroid is experiencing a maximum compression and therefore has the 

Fig. 2. Rapid creation of tumoroids by inkjet-printed morphogenesis. (A) 0–24 hr time-lapse images of active shrinking (red channel: Panc10.05, green channel: 
CAF19); (B) quantification of volumetric strain; (C) quantification of cell density and collagen concentration; (D) bright-field and fluorescent images of the different 
days of culture. (Scale bar: 500 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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largest size, as seen at “Max load” in Fig. 3D. Besides, we can observe 
that both CAFs and cancer cells deform by expanding radially outward 
upon compression. During unloading, the tumoroid size decreases and 
finally recovers to the original shape, as seen at “Unload,” indicating an 
elastic deformation of the tumoroid. Furthermore, Fig. 3D shows the 
data acquisition from the device and the calculation of elastic modulus 
from the regression analysis. The plot presents raw load and displace-
ment data acquired during indentation testing. These values had been 
corrected for compliance with the apparatus. Then, the elastic modulus 
of the tumoroid was determined by fitting theoretical load and 
displacement values to the experimental values gathered during testing, 
using the elastic modulus as a fitting parameter. The theoretical values 
were calculated using Hertzian contact mechanics theory [45] as pre-
viously shown by Briscoe et al. [46] (More details are provided in the 
supporting information). The fitting parameter that yields the best fit 
between the experimental and theoretical data (determined by a 
least-squares fitting method) is taken as the elastic modulus of the 
tumoroid. 

We also performed indentation tests on the mouse tumor slices for 
comparison (see supporting information). Finally, the elastic modulus of 
fresh tumoroids, fixed tumoroids, and mouse tumors is obtained in 
Fig. 3E. Fixed tumoroids had a relatively larger modulus since studies 
have shown that a fixative is expected to harden tissue components and 
prevent decomposition, putrefaction, and autolysis [47]. Nonetheless, 
the modulus of printed tumoroids and actual mouse tumors share the 
same order of magnitude, suggesting the tumoroids created by our 
method have a comparable stiffness with native tumor tissues. 

3.4. Phenotypic characterization of tumoroids formed by iPM 

The phenotypic characterization of the printed tumoroids is attained 
by Hematoxylin and eosin (H&E) staining, immunofluorescence, and 
immunohistochemistry as shown in Fig. 4A. Hematoxylin stains the ri-
bosomes, chromatin (genetic material) within the nucleus, and other 
structures as a deep blue-purple color. Eosin stains the cytoplasm, 
collagen, connective tissue, and other structures that surround and 
support the cell as an orange-pink-red color. H&E staining is performed 

on tumoroids to assess cell morphology and cellular arrangement. The 
stain shows the overall structure of the tumoroid with high cell density. 
Cells in the periphery of the tumoroid have small cytoplasm with a 
visible nucleus that resemble cancer cells. Mainly in the center it is 
observed a more intense pink color, it is also distributed all over the 
tumoroid that resembles CAF shape with big cytoplasm surrounded by 
collagen. 

In order to determine the cell-cell interaction, the E-cadherin stain-
ing (green) was performed on the tumoroids, and nuclei were counter-
stained with DAPI (blue). E-cadherin expression confirms that the 
cancer cells being more outside the tumoroid but distributed across the 
whole structure, showing some interactions between cancer cells and 
CAF cells. Also, CAF cells were propagated into the tumor section and 
the tumor cells getting into the middle. So, there is no separate cancer 
cells and CAF growing in a 3D structure, it is more complex, the inter-
action between the cells occurs all over the tumoroid. Furthermore, the 
consistent and high E-cadherin expression suggests a solid cell-cell 
adhesion within the structure. This indicates that we can form func-
tional tumor tissues instead of cell aggregates by using iPM. Addition-
ally, the DAPI signal showing the nuclei of cells demonstrates that the 
tumoroid is constituted of highly-packed cells. 

To analyze in depth the tumoroid, we also evaluated the Ki67 
marker. Ki67 allows the evaluation of the proliferation status of a cell, 
and Vimentin, also known as intermediate fibroblast filament, are highly 
expressed in fibroblasts. Ki67 showed that the proliferative cells were 
mainly in the edge of the tumoroid and some of them inside the 
tumoroid to the mid-section, a zoom-in of the inset for the Ki67 
expression is shown on the upper right of Fig. 4A. Furthermore, the 
expression of Ki67 is strongly associated with tumor cell proliferation 
and growth, implying the proliferation of the tumoroid. The expression 
of vimentin is mainly in the center but there are also positive vimentin 
cells near the edge of the tumoroid, suggesting the fibroblasts are pre-
sent across the tumor but majorly organized in the core, a zoom-in of the 
inset for vimentin expression is shown on the bottom right of Fig. 4A. 
This confirms that there is an interaction between cancer cells and CAFs, 
the mixing between the cells occurs all over the tumoroid. These results 
show that the interaction between cancer cells and CAF not only 

Fig. 3. Confocal microscopy analysis and elastic modulus measurement of tumoroids. (A) 3D reconstruction of Panc10.05, CAF19, overall structure, and nuclei by 
confocal microscopy; (B) schematic of image stacks at multiple z-depths, and the corresponding measured cell density; (C) photo of the indentation setup; (D) 
fluorescent images of the tumoroid at the initial state before loading, the maximum load, and the final state after unloading; and the displacement-load curves during 
loading & unloading of the tumoroid tested; (E) elastic modulus of fixed tumoroids and fixed tumors. (n ≥ 3, *p < 0.05, **p < 0.01, ***p < 0.001). 
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happens in the periphery, but also occurrs in the center region of the 
tumoroid. 

The distribution of cancer cells and CAFs strongly agree with the 3D 
reconstruction in Fig. 3A. In addition, Vimentin and Ki67 expression 
showed that the CAFs exhibit an elongated shape, and the cancer cells 
have rounded morphology. 

The cellular density of the tumoroid is compared with xenograft 
tumors of the same cell type in Fig. 4B. It clearly demonstrates that 
tumoroids formed by iPM have comparable cell density of native tu-
mors. Overall, the H&E staining demonstrates that the printed tumor-
oids closely recapitulate the in vivo TME, and the structure of native 
tumors. 

The expression of Ki67, E-cadherin, and vimentin are further over-
lapped to identify the interaction between fibroblast and tumor cells, as 

shown in Fig. 4C. There are cells that express both Ki67 and E-cadherin, 
indicating the proliferating epithelial tumor cells. This happens near the 
periphery and the tumor-stroma interface. Interestingly, there are re-
gions within tumoroid that cells express both E-cadherin and vimentin, 
mainly located at the tumor-stroma interface, as highlighted in the 
zoom-in inset in Fig. 4C. The tumoral cells could be in a transition from 
an epithelial phenotype to a more mesenchymal phenotype. The 
expression of E-cad in tandem with vimentin signals suggests that these 
cells could have a hybrid phenotype. Cells with hybrid phenotype can 
express epithelial and mesenchymal markers at once [48,49]. This 
hybrid phenotype at tumor-stroma interface may occur due to the 
crosstalk between the fibroblast and the tumoral cells. Recent studies 
have demonstrated that EMT can be promoted by biochemical and 
mechanical cues, like TGF-β, hypoxia and matrix stiffness [48]. For 

Fig. 4. Morphological and histological examination 
of the tumoroids. (A) Representative images of 
stained tumoroid with H&E, Ki67, vimentin, and E- 
cadherin & DAPI (corresponding zoom-in windows 
highlighted with the red square are shown on the 
right of each image); (B) Representative image of the 
stained tumoroid and the mouse tumor xenograft 
with H&E; (C) Overlapped expression of E-cadherin, 
vimentin, and Ki67 (corresponding zoom-in win-
dows highlighted with the white square is shown on 
the right of the image). (Scale bar: 100 μm). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Fig. 5. Effects of the balance between cellular contractile force and matrix stiffness. (A) Schematic showing the effect of polymer stiffness, cell density, and cancer 
cell to CAF ratio. (B)Effect of polymer stiffness: 0–24hr time-lapse images of active shrinking at low and high polymer stiffness, and quantification of the volumetric 
strain at low and high polymer stiffness. (C) Effect of cell density: 0–24hr time-lapse images of active shrinking at low and high cell density, and quantification of 
volumetric strain at low and high cell density. (D) Effect of cancer cell to CAF ratio: 0–24hr time-lapse images of active shrinking, and the corresponding volumetric 
strains at 1:1, 1:2, and 2:1 cancer cell to CAF ratio (Scale bar: 500 μm). 
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PDAC many studies highlighted the presence of hybrid phenotypes on 
BxPc-3 and Panc-1 cell lines which co-express E-cad and vimentin [50, 
51] specifically in the presence of hypoxia [52,53], when tumoral cells 
where co-culture with CAF [54] or because matrix stiffness [55]. Para-
crine signaling plays an important role in the crosstalk between 
pancreatic tumoral cells and CAFs, it is well known that CAFs produce 
many growth factors like: inflammatory cytokines, chemokines, 
platelet-derived growth factor (PDGF), epidermal growth factor (EGF) 
and connective tissue growth factor (CTGF) [56]. CTGF plays a key role 
in the cell-stroma interaction. Specifically, CTGF is highly expressed by 
tumoral cells and CAFs in KPC cancer mouse model [57]. Other 
important signaling pathway is TGF-β which has an important role in 
EMT and mediates the crosstalk between CAFs and tumoral cells [58]. 
The printed tumoroid allows the interaction between the pancreatic 
cancer cells and CAFs which at the end is noticed by the presence of cells 
that co-express epithelial and mesenchymal traits. Therefore, the cells 
expressing vimentin might not only represent the fibroblasts but also 
post-EMT tumor cells. 

3.5. Effects of force balance between cells and matrix 

The compaction process is governed by the force balance between 
cells’ contractile force and matrix resistance. Therefore, polymer stiff-
ness, cell density, and the ratio of cancer cells to CAF cells are expected 
to be factors that regulate the matrix compaction. Specifically, the ma-
trix will be compacted more at a softer matrix or with more cells of high 
contractility (i.e., higher cell density or more CAF), as illustrated in the 
upper figure in Fig. 5A. In contrast, stiffer polymer matrix, fewer cells or 
with lower contractility will impede the matrix compaction (note bot-
tom figure in Fig. 5A). 

The effect of the polymer stiffness was investigated by preparing 
interpenetrating-polymer inks (IPIs) with different stiffness. It is noted 
that the collagen concentration is constrained by both jetting and 
gelation behavior. The matrix won’t be gelled if the polymer is too 
diluted (low stiffness), whereas the IPI cannot be ejected from the nozzle 
if the polymer is too viscous (high stiffness). Therefore, 3 mg ml− 1 

collagen was mixed with 1% w/v P(NIPAM-co-MMA) at 3:1 and 2:1 
volume-to-volume ratios; and the final collagen concentration was 2.25 
and 1.5 mg ml− 1, respectively. A collagen concentration of 2.25 mg ml− 1 

indicates a high polymer stiffness. On the other hand, 1.5 mg ml− 1 

collagen concentration represents a low polymer stiffness. As shown in 
Fig. 5B, the time-lapse images showing the tissue compaction and the 
corresponding volumetric strains at high and low polymer stiffness 
demonstrate that the matrix notably shrinks when cells are embedded in 
a softer polymer matrix. However, a stiffer matrix providing a stronger 
resistance slows down the cell-derived matrix compaction. 

The effect of the cell density was examined by mixing the cells in IPI 
(2.5 mg ml− 1 collagen concentration) at 105 and 106 cell cm− 3 seeding 
density. The cell density of 106 cell cm− 3 represents a higher seeding 
density, 105 cell cm− 3 representing a low seeding density. Time-lapse 
images revealing matrix compaction and the corresponding volumetric 
strains. Fig. 5C show that decreasing cell density (low cell density) 
significantly hinders tissue compaction. In contrast, more cells (high cell 
density) generating a stronger contractile force enable rapid 
compaction. 

Moreover, adjusting the contractile forces by changing the number of 
cancer cells and CAFs is also expected to influence the matrix compac-
tion, as showed in Fig. 5A. To test this hypothesis, we mix the Pacn10.05 
and CAF19 with a 1:1, 1:2, and 2:1 ratio and then print them in a single 
drop. The time-lapsed images in Fig. 5D show that increasing the CAF 
numbers (1:2) has no significant effect on tissue compaction but 
decreasing the CAF numbers (2:1) notably hinders the compaction. As a 
result, the difference in volumetric strains between the 1:2 (red line) and 
1:1 (black line) ratios are negligible. However, reducing the CAF cells 
(blue line) impedes the compaction and affects the final tumor size on 
day 1. The results suggest that CAFs dominate the contraction, but a 

threshold amount of CAF is enough to compact the matrix significantly. 
In addition, time-lapse images in Fig. 5D demonstrates that the 
contractility difference between cancer cells and CAFs enables cell 
sorting. The cells of higher contractility (CAF19) are enveloped by the 
cells of lower contractility (Panc10.05) finally. 

Overall, the results imply that the regulation of force balance be-
tween cells’ contractile force and matrix resistance could potentially 
control the contraction to achieve the desired formation. 

3.6. Tumoroids of various cell types formed by iPM 

We hypothesize that the contractile force generated by cells drives 
the matrix compaction. Thus, the intrinsic contractility of different cell 
types is anticipated to affect the process. The effect of cell type on tissue 
compaction is assessed by applying various combinations of cancer cells 
and cancer associated fibroblasts to the proposed method. Mouse 
pancreatic cancer cells (KPC2) with mouse cancer-associated fibroblasts 
(mCAF) and human prostate cancer cells (PC3) with prostate cancer- 
associated fibroblasts (CAF5286) were used. First, to evaluate the 
contractility of each cell type, we perform the cell contraction assay, as 
described in the method section. Fig. 6A shows the contraction process 
of each cell type and the associated contraction index. Both mouse and 
human cancer cells (KPC2 and PC3) are less contractile than their 
associated fibroblasts (mCAF and CAF5286). The comparable contrac-
tion indices of mCAF (0.64) and CAF5286 (0.62) indicate that mouse 
and human fibroblasts have similar contractility in the interpenetrating- 
polymer matrix. 

The time-lapse images showing the matrix compaction driven by 
different cell types are shown in Fig. 6B. The compaction processes differ 
from each other, which arises from intrinsic cells’ behaviors. Nonethe-
less, CAFs of higher contraction organize in the center of the structure, 
while cancer cells with low contractility organize on the exterior. 
Moreover, the volumetric strains of both combinations are characterized 
in Fig. 6C. There is no significant difference in volumetric strain between 
cases since the contraction indices of all CAFs are similar (CAF19: 0.65, 
mCAF: 0.64, CAF5286: 0.62). The result suggests that CAFs dominate 
the tissue compaction regardless of the contractility of cancer cells. 
These results signify that the proposed method is applicable for different 
cell types as long as the cells have contractility, verifying our hypothe-
sized mechanism. The cells’ contractile forces exerted on the polymer 
matrix enable the matrix compaction and, finally, the formation of 3D 
tumoroids. 

3.7. Layer-by-layer printing of tumoroids with cavity structure by 3d iPM 

The inkjet printing of cell-laden interpenetrating-polymer inks (IPIs) 
can be further extended to create a more complex structure – a 3D cavity 
structure relevant to acinus shape. A three-layer configuration is printed 
to demonstrate the capability, as illustrated in Fig. 7A. The 3D geometry 
contains a bottom layer of 3 × 3 CAF19-laden drops, a middle layer of a 
Panc10.05-laden drop at the center, and a top layer of 3 × 3 CAF19- 
laden drops. The bottom layer is printed first, and the middle layer is 
printed afterward. Finally, the top layer was printed (see Movie S3). 

Fig. 7B shows the matrix compaction after the 3D organization is 
printed at a 25 ◦C substrate. At 0 h, we observed that the Panc10.05-drop 
printed at the center spreads out on the bottom layer, caused by the IPI 
rehydration. Therefore, Panc10.05 cells (red) are transferred through 
the porous matrix to the periphery (as specified by the light blue dash 
arrows). After adding the medium, the matrix is compacted by the cells’ 
contractile force, and the differential contractile forces govern the 
folding manner (see Movie S4 for the active shrinking process). We 
notice that the CAF19 of higher contractility dominates the tissue 
folding and eventually self-assembles at the center. On the other hand, 
the Panc10.05-laden matrix with lower contraction is driven by the 
CAF19-laden matrix and finally organizes in the peripheral region. 
Moreover, the folding direction is labeled with the white dash arrow at 
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2 h. Compared with the previous line-pattern folding, the tissue folding 
with a surface interface represents tissue folding in a 3D manner, which 
resembles a 3D cavity shape. Nevertheless, the final tumoroid still pos-
sesses an organization with CAFs inside surrounded by cancer cells. 

3.8. Creation of tumoroids with inner cancer cells-outer CAF 
configuration 

To achieve the tumoroid configuration with cancer cells inside, CAF 
cells outside, two approaches are demonstrated. To better constrain the 
cell deposition during printing, we increase the substrate temperature to 
35 ◦C to promote the gelation of IPI. As shown at 0 hr in Fig. 8A, 
Panc10.05 cells (marked in red) are well constrained at the center of the 
printed configuration. The polymer matrix becomes stiffer due to the 
elevated gelation that hinders tissue compaction. Time-lapse images 
exhibit a slow formation of tumoroid and CAF19 (marked in green) 
enclosing Panc10.05 (marked in red) during the process (see Movie S5 
for the active shrinking process). In this case, the tissue compacts from 
all directions, as indicated by the white dash arrows at 6 hr. 

Besides, more complex, and large-scale structures could be further 
achieved by the fusion of tumoroids. Studies have shown that tissue 
fusion is a fundamental biological process that is highly relevant to bio 
fabrication. When two or more spheroids/organoids/tumoroids make 

contact, they will coalesce over time to form one larger structure. As 
shown in Fig. 8B, the CAF tumoroids are placed at the surrounding of a 
cancer tumoroid. The cancer cells will finally be enclosed by CAF cells 
through the fusion process. The result shows that we could form a 
structure similar to the one formed by layer-by-layer printing on a 35 ◦C 
substrate by tissue fusion. 

Moreover, the 3D reconstructions by confocal microscopy show a 
more detailed morphology of tumoroid with a structure in which CAFs 
surround cancer cells, as presented in Fig. 8C. Unlike the normal 
tumoroid, CAF19s cover the whole structure while the Panc10.05s are 
uniformly distributed at the structure’s interior. Besides, the tumoroid is 
formed by a well-defined periphery of CAFs. Overall, the 3D re-
constructions further demonstrate that we can achieve a tumor-stroma 
tumoroid with a configuration of cancer cells inside and CAFs outside 
by adjusting IPI’s properties upon inkjet printing or by fusion of 
tumoroids. 

4. Discussion 

A wide variety of three-dimensional (3D) tumor models have been 
developed and have shown great potential to exhibit physiologically 
relevant cell-cell and cell-matrix interactions, heterogeneity, and 
structural complexity that replicate in vivo tumor microenvironment 

Fig. 6. Tumoroids from other types of cancer cells and CAFs. (A) Time-lapse images of tissue compaction of mouse pancreatic cancer cells (KPC2), mouse cancer- 
associated fibroblasts (mCAF), human prostate cancer cells (PC3), and human prostate cancer-associated fibroblasts (CAF5286); the corresponding contraction 
indices of KPC2, mCAF, PC3, and CAF5286 (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001); (B) time-lapse images of active shrinking of KPC2 with mCAF, and PC3 with 
CAF5286; (C) quantification of volumetric strain. (Scale bar: 500 μm). 
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(TME). However, some critical limitations of the existing 3D tumor 
models are low cell seeding density, low long-term culture, need of the 
addition of specific grow factors, and time-consuming preparation. In 
addition, due to the inherent differences in complexity and function-
ality, the choice of model usually depends on the application [59]. The 
current models lack reproducibility and a standardized protocol for any 
given cell type [60,61]. 

The iPM is a new method that allows 3D printing of tumoroids 
having many features of native tumors. With this method it is possible to 
create tumoroids with high cellular density, pre-design pattern and even 
structures with a complex cavity geometry. Here we printed tumoroids 
with cells embedded in collagen plus hydrogel which allows the inter-
action cell-cell, cell-matrix, and cell-medium that recapitulates better 
the cellular behavior in vivo. This method lets the formation of tumor-
oids composed by two key cells of native tumors. Here, the difference in 
the contractability of the cells enables the formation of the tumoroids 
where the shrinkage process is leading by CAFs. Previous studies have 
shown that the interaction between cells and ECM promotes cellular 
self-organization in matrices composed of collagen and hydrogel (4). 
Also, in vivo ECM is a dynamic environment that provides chemical and 
physical cues to the cells in it. In this context collagen plus hydrogel 
mimics the ECM located on tumors allowing the remodeling by the fi-
broblasts [62]. 

iPM also allows the formation of tumoroids in 1 day with a tumor- 
stroma interface at extremely high cell density (~108 cells cm-3), and 
collagen content. With this technique we used cell to cell interaction and 
cell to ECM interaction to generate a morphological change in the matrix 
that allow the formation of the tumoroid. Here, cancer associated 
fibroblast play a key role in the shrinkage and the organization of the 
cells in the tumoroid. Previous studies suggest that fibroblast in a 3D 
matrix interact physically with the microenvironment, through pushing 
and pulling. It has been shown that the traction force of fibroblasts 

changes collagen fibril arrangement, contraction and enhance the den-
sity [63]. A comparison between tumoroids and conventionally pre-
pared spheroids was conducted to confirm the differences in the cell 
density between the tumoroids and conventional spheroids (see sup-
porting information). 

In addition, the printed tumoroids can be cultured for at least two 
months, demonstrating the potential for long-term culture, which is 
crucial for examining the long-term effects of TME, drug treatments at 
later-stage of disease [64,65], and tumor biology. The proposed method 
enables a large tumor size (~500 μm in diameter) compared to the 
spheroids or organoids prepared by the conventional techniques. A large 
tumoroid possesses an external proliferating zone and other aspects of 
the disease’s pathophysiology. Large tumoroid size also enables an ox-
ygen and nutrient gradient within the tumor, representing a key feature 
of in vivo TME. A hypoxia analysis on the tumoroid is provided in the 
supporting information, further demonstrating the presence of an oxy-
gen gradient within the tumoroid. 

Although a successful screening of drug efficacy is an ultimate goal of 
3D tumor models, a related experiment wasn’t conducted in the study 
since it should be designed considering both successful and failed drug 
candidate compounds. Unfortunately, pancreatic cancer, which is the 
focus of this manuscript, does not have any effective drugs. This results 
in an extremely low 5-year survival rate of 11%. Thus, no reliable drugs 
or drug candidates can be used to validate the 3D models. The developed 
3D models may be better suited for cancer biology research to system-
atically study and identify potential therapeutic targets at tumor-stroma 
interactions. 

Furthermore, a centimeter-scale tumoroid can be achieved by fusing 
multiple printed tumoroids. Many studies have attempted to use 
spheroids/organoids as building blocks to create large-scale tissues in a 
spatially controlled manner by patterning and fusion of spheroids/ 
organoids [25,66,67]. These engineered tumor models of prescribed 

Fig. 7. Creation of tumoroids with 3D cavity shape. (A) Schematic of layer-by-layer printing of cell-laden IPIs. (B) Time-lapse images of active shrinking of 3D cavity 
shape after printed at a 25 ◦C substrate. (Scale bar: 500 μm). 
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spatial organization could be a promising alternative for the tissue like 
constructs to mimic more closely the TME. 

The presence of residual stress is a unique feature. At the cancer-CAF 
interface, cancer cells experience compression while CAFs are under 
tension, which is anticipated in the in vivo tumors. Although the CAFs 
are mainly located in the interior of the tumoroids, but not restricted to 
the center, here the tumor-stroma interface captures both biological and 
mechanical features of the TME. Also, 3D collagen matrices look like 
connective tissue environment, which is important to study cell 
behavior in vitro [68]. Lee; et al. shown that the stiffness in the matrix 
can modulate stem cell-like phenotypes of cancer cells, slight increase in 
the stiffness switching the cell phenotype to a more stem state of the cells 
[69]. That open a new question about the cells close to the periphery 
positive for vimentin. They are CAF cells or cancer cells that did the 
epithelial mesenchymal transition (EMT). 

In addition, the iPM method were tested with various conditions 
(different collagen concentration), and various cell densities and types, 
which verifies the hypothesis that the active shrinking is governed by 
the force balance between cells’ contractile force and matrix stiffness. 
Therefore, by adjusting the printing conditions, this study further 
demonstrates that the tumoroids with cancer cells organized at the 
center enveloped by the CAFs can be created. However, more precise 
control of the shrinking process is a crucial step that needs improvement 

to create the desired shape of tumoroids. As discussed, the mechanism is 
based on the force balance between the cell’s contractile force and the 
matrix’s stiffness. Here, CAF cells exert a force on the matrix that ends in 
the matrix contraction, by the cell shortening that produce an inward 
force [68]. Therefore, adding crosslinkers upon printing or substituting 
polymers might be solutions for adjusting the matrix’s mechanical 
properties. Incorporating growth factors or varying cell density are ap-
proaches to regulating the cells’ contractile force. 

Overall, the results demonstrate that the proposed method provides a 
solution that can rapidly create 3D tumor models at extremely high cell 
density to address the limitations of existing models. Long-term culture 
ability, big size, highly-packed composition, and residual stress at the 
cancer-CAF interface closely recapitulate the in vivo TME. Besides, it is 
shown that the present method is generalizable and can be implemented 
with multiple types of cancer cells and CAF. 

Furthermore, this method suggests a new concept of “digital cell 
printing” to create more complex structures and mechanical status 
beyond current 3D bioprinting techniques. The tumoroids created by the 
present method will be useful to construct a more reliable therapeutic 
screening platform for preclinical drug evaluation, drug delivery, tumor 
cell metabolism, signaling pathways, role of integrins and fibronectin. 
Integrins are key proteins in the interaction between cells and ECM [70], 
and fibronectin is a master organizer of the ECM [71]. Currently, in vitro 

Fig. 8. Creation of tumoroids with inner cancer cells-outer CAF. (A) Time-lapse images of active shrinking of inner cancer cells-outer CAF configuration by layer-by- 
layer printing at a 35 ◦C substrate. (B) Bright-field and fluorescent images of fusion of tumoroids on Day 0, Day 1, Day 2, and week 1. (C) 3D reconstruction of 
Panc10.05, CAF19, and whole tumoroid by confocal microscopy. (Scale bar: 500 μm). 
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models for the analysis of new drugs are limited. Many of them focused 
only in 2D culture which does not resemble tumor complexity (TME) 
and the crosstalk between tumor cells. Numerous studies have been 
showed differences in drug response from cells, depending on culture 
type 2D or 3D (Tumoroids), suggesting that 3D culture could be more 
relevant for pre-clinical studies [72–75]. However, many studies that 
uses the 3D culture only evaluate the effects of the drugs in one cell type 
[76]. Tumoroids generated by iPM method will allow the evaluation of a 
drug in two different cell types (fibroblasts and tumoral cells) at the 
same time, and the effect of a key component of the ECM (here collagen). 

5. Conclusions 

We developed a novel inkjet-printed morphogenesis method using 
bi-cellular inks of collagen P(NIPAM-co-MMA) mixture to create tumor- 
stroma interface with extremely high cell density mimicking mechanical 
residual stresses at native tumors. We demonstrated that this method is 
applicable to other cell types and complex geometries by manipulating 
the force balance between cells and the matrices. This method opens 
new avenues for research on tumor biology in vitro. 
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