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Abstract

Cancer metastases are a challenge for cancer treatment due to their organ specificity and
pathophysiological complexity. Engineering 3D /n vitro models capable of replicating native
cancer dissemination can significantly improve our understanding of cancer biology and can help
to guide the development of more effective treatments. In order to better mimic the behavior of
native cancer, a triculture metastatic model has been created using a stereolithography printing
technique with optimized inks for investigating the invasion of breast cancer (BrCa) cells into
vascularized bone tissue. The printed system allows us to study transendothelial migration and the
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colony-forming behavior of metastatic BrCa cells. The key steps of BrCa cell progression,
including expansion, migration, and colonization have been continuously monitored, and the
interactions between cancer cells, vascular cells, and bone cells have been systematically
investigated. The study results demonstrate that the 3D printed tissue construct by incorporating
multiple cells and various favorable ink matrices, provides a suitable model to study the interaction
between these cells in a complex vascular microenvironment. As such, our 3D printed tricultured
model may serve as a valuable tool for studying metastatic breast cancer progression in bone.

ToC figure

To better study cancer metastasis, a 3D printed in vitro vascularized cancer model is created by
integrating a tumor, endothelialized vessels, and nano- bone matrix using various inks to
demonstrate the multiple interactions between breast cancer cells and the vascularized bone
environment. It is expected that the model will be notably valuable for future cancer research and
new therapeutic discovery.
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1. Introduction

Cancer metastasis is responsible for more than 90% of cancer-related mortality and
represents a major challenge to effective therapy [1' 21. Cancer development involves many
complex biological mechanisms, and therefore, understanding the underlying biology is an
important first step for the development of effective therapies [2 3. Clinical evidence has
shown that breast cancer often metastasizes to the bones, liver, lungs, and brain (241, The
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process of metastasis has proven to be difficult to study in individual patients, and several
experimental models have been developed to create simpler and more predictable systems
for identifying the important role of biological, chemical, and physical factors involved in
cancer pathophysiology [2 41, However, conventional 2D culture approaches do not
accurately replicate the characteristics of the native cancer microenvironment, and animal
models are plagued by several fundamental limitations, such as a lack of similarity to the
human tissue environment and immune system, general variability, the complexity xenograft
procedures, and high overall expense [2: 5 61, To better recapitulate the specificity and
complexity of living human tissues, engineered 3D tissue matrices have been developed as
an alternative model to provide a more highly controllable microenvironment for studying
cancer development [6-91. The developed 3D culture platforms enable cancer cells to display
heterogeneous growth, resistance to drug treatment, and have metastatic behavior [®-111,
However, existing engineered 3D systems often cannot provide a complex physiological
environment to simulate the diverse features of different tissues in one platform [8-10],
Therefore, it is difficult to utilize traditional manufacturing techniques to create a
physiologically relevant metastatic model. As such, 3D printing offers a novel engineering
technique to address these complexities by precisely controlling the spatial arrangement of
living cells and their supporting matrices for complex tissue fabrication in vitro [12. 131, 3p
printing facilitates the customized design and high-throughput fabrication through
predesigned computer-aided designs (CAD) to target the repair and regeneration of different
tissues/organs, such as bone, cartilage, nerve, and myocardium [24. 151 in complex tissue
models.

Metastatic breast cancer (BrCa) cells have a high propensity to invade the stroma of large
bones. It has been demonstrated that 70% of advanced breast cancer patients have skeletal
metastases, leading to severe pain, bone fractures, and often mortality [16. 171, Recent studies
have demonstrated that many 3D printed cancer models more closely mimic the natural
behavior of cancer and bone cells, both phenotypically and genotypically in their response to
anticancer drugs, than 2D cultured systems [18.19. 201 Qur previous studies have shown that
the presence of osteoblasts or mesenchymal stem cells promoted morphological changes,
migratory behavior and drug resistance of BrCa cells in a physiologically-relevant 3D matrix
[19-21] These findings suggested that 3D printed tissue can serve as a promising model to
study the BrCa bone metastasis. However, these studies primarily focused on the final stage
of BrCa metastasis to investigate the direct interaction between BrCa cells and bone cells. To
better understand metastatic BrCa cell behavior, /n vitro models need to take into account
cell migration from the primary site to a distant secondary site [2: 4], and the role that the
vascular environment and associated endothelial cells play in transendothelial migration

[22, 23] Compared to current vascularized models that involve the use of microfluidic
systems [24], it is expected that a 3D printed vascularized tissue model will have an
advantage in precisely controlling the ink matrix composition, spatial distribution, and
architectural complexity of the metastatic niche.

In the present study, we developed a novel in vitro localized cancer model using
stereolithography (SL) 3D printing (beam-scanning, or laser direct writing technique) that
allows the study of BrCa cell metastasis from its migration through an endothelialized vessel
to its final colonization in bone by incorporating various biocomponents and photocurable
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inks into a multifunctional 3D tissue matrix with suitable mechanical strength and cell
distribution. The localized model here allowed the complicated metastatic process was
simplified to a particular area where some typical features of the “tumor-vessel-bone”
metastatic niche were replicated, i.e., the BrCa cells detach from first tumor tissue, migrate
through the vessel, and invasive into bone tissue for secondary tumor formation.
Additionally, less invasive (or non-invasive) MCF-7 cells were compared to the more
invasive and metastatic MDA-MB-231 cell line to evaluate the printed 3D cancer bone
model with respect to the interplay between osteoblasts and BrCa cells and the effect of
vascular environment.

2. Results and Discussion

2.1. Ink Optimization and 3D Printing of Cancer Bone Model

To replicate the BrCa cell metastasis into vascularized bone, a localized cancer metastatic
niche was created with vascularized bone, an endothelium channel, and BrCa cells. As
mentioned above, this model specifically focused on transendothelial migration and
colonization in the bone tissue region to explore cell-cell interactions between BrCa cells
and osteoblasts (hFob), and to elucidate the influence of endothelial cells on this process as
well as the metastatic diversity of two BrCa cell lines. The conceptual design of the
metastatic model is illustrated in Schematic 1, and is comprised of three neighboring tissue
regions consisting of microvascularized bone, endothelial vessels, and BrCa tissue.

In order to replicate the human bone environment, a nanostructured bone ECM was printed
utilizing ink I, which consisted of a photocrosslinkable gelatin-based ink (GeIMA), PEGDA
ink, and nHA. The major mineral component of bone is nanocrystalline hydroxyapatite
(Cayo(PO4)g(OH),), which constitutes an average 50~60 wt% of the bone matrix [25]. Thus,
we selected a 50 wt% nHA (vs. the dry weight of GelMA and PEGDA) for printing
mineralized bone scaffolds. Additionally, the organic matrix makes up ~20 wt% of native
bone and is primarily comprised of collagen [26]. Gelatin is partially denatured collagen and
is less immunogenic compared to the collagen so that the biochemical properties of gelatin
and its derivative (GelMA) are similar to the bone organic component. The
photocrosslinkable PEGDA ink is nominally immunogenic and generally non-toxic after it is
fully crosslinked, and has been widely used in biomedical research. The PEGDA solution
was mixed with GelMA to decrease the swelling volume, and to increase the mechanical
modulus and structural stability of the printed hydrogel. Thus, we obtained different bone
constructs by varying the ratio of GelMA and PEGDA inks. Mechanical testing indicated
that the matrices printed with the ink with a higher concentration of PEGDA or GelMA had
a higher compressive modulus (Figure 1a). The compressive modulus of the printed matrices
with nHA was greater than the corresponding matrices without nHA. Although the
mechanical moduli of the hydrogel-based scaffolds were still lower than that of the native
bone, the nHA/gelatin-based scaffold provided both a high surface modulus and a
physiologically active component for bone cell growth. The swelling behavior of a hydrogel-
based biomaterial can ultimately affect its surface properties, structural stability, and bulk
structural features (Figure 1b). The swelling rate of the hydrogel with a lower concentration
of PEGDA or GelMA was greater than the high concentration samples, and the swelling rate
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of the pure hydrogels was higher than their nHA containing counterparts. After the
optimization of the mechanical modulus, swelling behavior, and hFob proliferation results
(Figure 1c), inks containing 10 % GelMA, 10 % PEGDA, and nHA (weight vs. the volume
of PBS in the ink) were selected to print all bone tissue constructs. After 3 days of culture, it
was observed that the hFob cells reached their highest proliferation rate and assumed their
natural spindle-like morphology on the optimized samples (Figure 1d).

Additionally, an endothelialized vessel was created to provide a vascular environment for
BrCa metastasis. Therein, the BrCa metastatic process, involves the cancer cell intravasation
through the endothelial barrier, and final extravasation to the bone region. By changing the
ratio of GeIMA and PEGDA inks, we found the ECs growing within the pure 10% and 15%
wt GelMA vessel exhibited higher metabolic activity when compared to the other groups
(Figures 1e and f). It is assumed that the bioactivity of pure GelMA is better than the
mixture and the pure GelMA of low concentration has a softer surface, which is better for
EC adhesion and growth. Notably, pure 5% wt GelMA exhibited a decrease in EC
proliferation on day 3 and day 7, which was likely due in part to the weak structural stability
of the printed gel matrix with this concentration. Finally, BrCa cells were cultured within the
printed 3D hydrogel network to mimic the cancerous tissue environment and recapitulate the
initiation of cancer spreading. In our study, two typical osteotropic metastatic BrCa cell
lines, MDA-MB-231, and MCF-7 with different phenotypes and metastatic potential, were
compared to evaluate the efficiency of the vascularized model. Specifically, MDA-MB-231
cells have been used in a metastatic model because of their high propensity to metastasize to
the bone. Conversely, MCF-7 cells have a lower metastatic capacity, are estrogen and
progesterone receptor-positive and, are human epidermal growth factor receptor 2 (HER2)-
negative (HER2-) as compared to the triple negative MDA-MB-231 cells [27]. We found that
MDA-MB-231 cells exhibited higher proliferation on 10% GelMA/10% PEGDA scaffold
when compared to other inks, and MCF-7 cells also had an excellent proliferation (Figures
2a and b). Confocal imaging showed that MDA-MB-231 cells displayed endothelial-like
morphology and stellate projections, while the MCF-7 cells had more clustered structures
(Figures 2c and d).

Utilizing the CAD design, our cancer model was printed using optimized inks with an SL
printer as is shown in Figures 3a and b. The CAD model was illustrated in Figure S1,
Supporting Information. In our previous bone model study, we found that printed tissue
matrices with small square patterns have higher surface areas and higher porosities when
compared to other printed patterns [21]. Therefore, the small square printing pattern was used
for the current study. Our entire model is able to be directly printed, however, in order to
facilitate the seeding of different cell lines in the different tissue regions of the model, a
typical “two-step” method was used to fabricate the cancer model. First, the bone matrix and
the tumor matrix (8 mm x 8 mm x 1 mm) were printed with four layers using different inks,
respectively. Then, they were mounted in 10% wt GelMA ink and the vessel with a diameter
of 500 um was printed with 10% wt GelMA ink between the bone matrix and the tumor
matrix. Computational analysis results showed each printed matrix (bone and tumor) had
~55 mm3 of total volume, ~60 mm? of surface area, and ~25 pores/mm3 of porosity. The
matrix morphologies of different regions were characterized by SEM (Figures 3c—e). The
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enlarged images showed that the bone matrix had a mineralized nanosurface with
considerable roughness, while the cancer matrix and vessel matrix exhibited smoother
surfaces. For the cell seeding, the hFob (or hFob/ECs), and BrCa cells (MDA-MB-231 and
MCF-7) were seeded onto the bone matrix and the tumor matrix, respectively. After matrix
mounting and vessel printing, the ECs in excess were injected into the vessel channel for the
formation of the endothelialized lumen. In order to minimally affect the cell migration and
medium exchange, the thin, soft hydrogel was printed between the bone and tumor to
fabricate the vessel channel. Figures 3f-h illustrates the morphological characteristics of the
cells on the different matrices with F-actin staining, and the cellular phenotypes of different
regions are identified with immunostaining after 7 days of culture (Figure 4). hFob and ECs
were stained with the osteogenic markers OCN and OPN and the angiogenic markers CD31
and vVWEF. The images illustrated that favorable microvascularized bone formation occurred
on the 3D printed bone matrix. Although ECs had a lower proliferation rate on the bone
matrix, the depreciated growth rate did not affect the vascularized bone formation in the
coculture. Cell adhesion molecule (CD44) expression is upregulated in many cancers and
contributes to the regulation of metastasis [28]. Metastatic MDA-MB-231 cells exhibited
higher expression of CD44 compared to non-metastatic MCF-7 cells (Figure 4), and
endothelial cells in the vessel region exhibited positive expression of the endothelial markers
VWEF and CD31 (endothelial cell adhesion molecule).

2.2 BrCa Migration and Proliferation Study of 3D Printed Vascularized Bone model

To visualize the cell distribution and BrCa cell progression in the 3D matrices, cells were
prelabeled with fluorescent dyes, wherein hFob cells were colored red, ECs were colored
blue, and BrCa cells were colored green. As shown in Figure 5, clusters of cancer cells, bone
cells, and vascular cells were precisely placed in our designed model through the utilization
of 3D printing approach. The fluorescent data were also quantified by Image J software, and
the results were shown in Figure S2, Supporting Information. The various cell types within
the different matrix regions demonstrated increased proliferation and expansion with time.
Importantly, by comparing the cell distribution at each time point, different invasive
behaviors between MDA-MB-231 cells and MCF-7 cells were observed. MDA-MB-231
cells showed distinct migration to the bone matrix over a 7-day culture period, while MCF-7
cells exhibited less invasive behavior. Next, we investigated whether the vascular
environment generated by EC seeding could affect BrCa migratory behavior, since the most
critical step in metastasis is the intravasation and extravasation process of cancer cells at the
vessel site. The result reveals that the growth of BrCa cells was accelerated by the presence
of vascular cells, and the vascular environment also increased the migration of MDA-
MB-231 cells over 14 days. Compared to monoculture without ECs, the more invasive
MDA-MB-231 cells migrated towards the ECs, whereas, the non-invasive phenotype MCF-7
cells were weakly affected. It was also noticed that ECs exhibited increased proliferation
prior to 3 days when cocultured with MDA-MB-231 cells or MCF-7 cells, which can likely
be attributed to the secretion of angiogenic factors by the BrCa cells [2°], by marked
endothelial and cancer cell expansion [23. 301, When cocultured with non-invasive MCF-7
cells, ECs population were maintained at a stable level, demonstrating the important role of
the vascular environment during oncogenesis for BrCa directional migration [31],
Additionally, when MDA-MB-231 cells colonized the bone matrix, the proliferation rate of
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hFob cells significantly decreased in comparison to monoculture, in contrast, the
proliferation rate of the MDA-MB-231 cells was increased, suggesting that cytokines
secreted by the osteoblasts promote BrCa cell growth 301,

The cellular growth rates between models with and without vascular cells were also
quantified by the WST-8 assay (Figure 6a and b). In order to avoid an inaccurate assessment
of potential BrCa invasion into other regions, we designed three built-in chambers located at
each end of the different matrix regions where culture medium was allowed to exchange
between these chambers. Our indirect co-culture system can measure different cell
proliferation rates with alterations in the conditioned media, but not the direct crosstalk
between BrCa cells, ECs, and hFob. Unlike the fluorescent imaging results, the proliferation
of ECs at 7 days remained constant, suggesting that when MDA-MB-231 cells do not
directly invade the vessel region, as there is no highly competitive growth advantage [3].
However, EC growth in coculture was much slower than that in monoculture, suggesting that
the secretion of factors from BrCa cells inhibited the proliferation of ECs [32]. Compared to
monoculture, both MDA-MB-231 and MCF-7 cells in co-culture exhibited increased
proliferation, whereas, the proliferation of hFob was decreased. After 2 weeks of culture, a
more significant difference in the proliferation of each cell type was observed, where the
effect of MDA-MB-231 cells on the growth of ECs was much higher than that of MCF-7
cells. These phenomena were observed in separated chambers, and therefore, it is difficult to
distinguish the real influence of osteoblasts when BrCa directly colonize the bone matrix.

Immunostaining and Gene Analysis of BrCa on 3D Printed Vascularized Bone Model

To highlight the advantage of our 3D printed cancer model in replicating the local
vascularized bone environment, we investigated BrCa colonization of the vascularized bone
using immunostaining. Figure 6¢ shows the expression of cell markers of MDA-MB-231
and MCF-7 cells after 2 weeks in culture. Compared to their initial distribution on the 3D
printed cancer matrix, BrCa cells exhibited increased expansion that occupied the entire
matrix space. As the angiogenic markers CD31 and vVWF were expressed both the ECs and
the BrCa cells, both the vessel region and the tumor region were positive for these markers.
However, a significant difference was observed between the two BrCa cell types, where
MDA-MB-231 cells significantly colonized the vascularized bone matrix, whereas, the
MCEF-7 cells exhibited limited expansion and migration. With the invasive MDA-MB-231
cell line, the fluorescent intensity of the osteogenic markers OPN and OCN was relatively
lower when compared to that of the non-invasive counterpart. The comparison of CD31 and
Angl (EC specific marker) expression indicates vessel maturation and cancer progression in
the invasive model and in the non-invasive model [33]. These results confirm that our cancer
model is able to mimic /n vivo BrCa behavior and can be used to distinguish between
different invasive potentials.

The gene expression in relation to cancer angiogenesis and osteogenesis was also analyzed
after 2 weeks of culture (Figure 7). After BrCa cells colonized the bone matrix, CD31 was
up-regulated, whereas, OPN and OCN expression were down-regulated. This suggested that
the invasion of MDA-MB-231 cells into the bone matrix had a significantly greater effect
compared to the MCF-7 cell line [34]. A similar phenomenon was observed in the
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vascularized bone model co-cultured with ECs and in the bone model without ECs. In the
presence of ECs, the changes in gene expression of VEGFA were more remarkable.
Compared to the previous proliferation results, this difference may possibly be explained by
the inhibitory effect of BrCa cells on osteogenesis. Conversely, BrCa cell growth was
promoted by the presence of the vascular environment in the bone matrix. These results
indicate that our 3D printed cell-laden nano-construct effectively mimics a natural
vascularized bone matrix and can provide a preferable microenvironment for BrCa migration
and colonization [17],

Compared to previous BrCa bone models, the model presented here possesses several
important advantages: (1) inclusion of an endothelialized compartment for exploring EC
function during metastasis, (2) inclusion of an osteoblast-laden nanostructured mineral bone
matrix to study the interaction osteogenesis and oncogenesis, (3) allowance of cancer cells to
contact adjacent endothelial tissue in order to provide insight into the role of transendothelial
migration in cancer progression, and (4) use of 3D SL printing to achieve the accurate
placement of multiple inks for the fabrication of complex “cancer-vessel-tissue” niches /n
vitro. Although the current study also has some limitations, i.e., the capillaries sprouted from
endothelialized vessel were not observed both in tumor and bone regions during 2 weeks of
culture; the BrCa metastasis was mainly involved in the transendothelial migration on
surface of endothelialized channel without migrating through microvessels; and osteoclasts
were not included in the bone region to investigate the osteolysis. In the future, these
features will be included in our design for further improving the cancer model.

3. Conclusion

In summary, an engineered BrCa metastatic model consisting of a nanostructured bone
matrix and cancer cells separated by an endothelialized vascular channel was developed
using 3D SL printing in order to recapitulate the pathophysiology of cancer metastasis and
to advance our understanding of the interplay between osteoblasts, BrCa cells, and the
vascular environment. By combining the advantages of control over spatial distribution and
physiological features, our 3D printed cancer model provides an approach to mimic
transendothelial migration and colonization of cancer cells, which will be invaluable for the
screening of novel anticancer drugs as well as the development of patient-specific
diagnostics and therapeutics.

4. Experimental Section

Ink Synthesis and Preparation:

Nanohydroxyapatites (nHA) were synthesized using a hydrothermal treatment method as
described in our previous study [191. Briefly, 0.6 M ammonium phosphate was added to
water and adjusted to a pH of 10 with ammonium hydroxide. 1 M calcium nitrate was slowly
titrated into the above mixture to obtain an HA precipitate and then heated at 200°C for 20
hours in a Teflon liner to yield nHA rods. The resulting nHA had a grain size of ~25 nm in
width and 50-100 nm in length. In addition, gelatin methacrylate (GelMA) was synthesized
as a photocurable ink for SL printing [35]. Specifically, 1% (v/v) methacrylic anhydride was
added dropwise to the gelatin (Type A, Sigma, 10% in PBS (w/w)) solution while stirring,
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and then the mixture was reacted for 3 hours at 50 °C. The GelMA solution was dialyzed
against deionized water for 7 days at 50 °C. The dialyzed GelMA solution was lyophilized
and stored at room temperature. Before use, a GeMA polymer solution was prepared by
dissolving the freeze-dried GeIMA and the photoinitiator (Irgacure 2959) (0.5 w/v%) in PBS
(0.01 M). The 3D printable inks were prepared by mixing the 5, 10, and 15 wt% GelMA
with/without 10 wt% polyethylene glycol diacrylate (PEGDA, Mn = 700, Sigma) or 5, 10,
15 wt% nHA, in order to obtain the 3D printed scaffolds with different mechanical and
biochemical properties. The compressive moduli of the samples (8 mm diameter and 5 mm
thickness) were determined using the standard flat compression platen on a universal
mechanical testing system (MTS). The test speed was controlled to 2 mm/min, and Young’s
moduli were calculated from the linear regions of the stress-strain curves.

Osteoblasts (human fetal osteoblasts, hFOB) were obtained from the American Type Culture
Collection (ATCC) (CRL-11372) and cultured in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F12 (DMEM-F12) supplemented with Fetal Bovine Serum (FBS) (10%,
v/v), penicillin—streptomycin (1%, v/v), and L-glutamine (1%, v/v)). BrCa cell line (MDA-
MB-231 and MCF-7) was obtained from the ATCC (HTB-26 and HTB-22) and cultured in
DMEM supplemented with 10% FBS and 1% penicillin—-streptomycin. Human umbilical
vein endothelial cells (ECs, ThermoFisher Scientific) were cultured in endothelial cell
growth medium (Cell Application). All cells were incubated at 37 °C, 5% CO», and 95%
relative humidity.

Cell Proliferation and Morphology:

Cell proliferation on the printed tissue matrices was quantitatively investigated using a
CCK-8 kit (Dojindo). After the predetermined period, the incubation medium was changed
with WST-8 solution (10% v/v in medium). After 3 h of incubation, the absorbance values of
the supernatant solution were measured at 450 nm on a photometric plate reader (Thermo
Scientific). The cells’ cytoskeleton was identified with double staining of actin (red) using
Texas Red labeled phalloidin and nuclei (blue) using 4, 6-diamidino-2-phenylindole
dihydrochloride (DAPI) (Invitrogen). Cells were fixed in 10% formalin for 15 min,
permeabilized in 0.1% Triton X-100, and blocked with 1% bovine serum albumin (BSA,
Sigma-Aldrich). Cells were then incubated with phalloidin for 30 min and DAPI for 5 min.
Samples were observed and imaged using sing a Zeiss 710 confocal microscope.

3D Printing of Cancer Bone Model and Characterization:

3D “cancer-vessel-bone” model was designed by CAD and printed with a tabletop beam-
scanning (or laser direct writing) SL 3D printer. The printer was developed in our lab based
on the existing rapid prototyping platform (Printrbot®), which includes a temperature-
controllable stage, an X-Y-Z tool head for motion, and an optic-coupled solid-state
ultraviolet (UV) laser fiber [12. 15. 20, 35, 36] The parameters were set as follows: ~190 pm
laser beam with 355 nm wavelength, 20 pJ at 15 kHz intensity output of emitted UV, and 5
mm/s printing speed. The 3D printed model consists of three chambers: microvascularized
bone, endothelialized vessel, and cancer tumor. In order to easily seed the different cell lines
in the different regions, a “two-step” method was used to fabricated the cancer model. The
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microvascularized bone chamber and the cancer chamber were printed using nHA doped
GelMA/PEGDA ink and GeIMA/PEGDA, respectively. After that, these two chambers were
placed and mounted in the GelMA ink, and then the vessel channel chamber was printed in
the middle region using GelMA ink to separate the bone and tumor chamber (a microneedle-
based subtractive technique was performed to obtain a lumen structure in the hydrogel).
Representative CAD models and Slic3r configurations of the 3D model were used to analyze
and calculate all structural parameters, including the scaffold volume, surface area, and
porosity. The morphologies of the 3D printed models were assessed by scanning electron
microscopy (SEM) (Zeiss Nvision 40FIB). Samples were sputter-coated with a ~10 nm
layer of gold prior to SEM imaging.

BrCa Migration and Proliferation Study of 3D Printed Vascularized Bone model:

The cell-laden 3D BrCa bone construct was fabricated by a multiple cell seeding process. To
visually monitor the cell behaviors of hFob, ECs, and BrCa (MDA-MB-231 or MCF-7) cells
on the scaffolds, the cells were pre-labeled with CellTracker™ Green CMFDA Dye,
CellTracker™ Blue CMAC Dye, CellTracker™ Orange CMRA Dye (Molecular Probes).
hFob and ECs with a ratio of 1:1 (10* /mL) were co-cultured in the 3D vascularized bone
scaffolds, and BrCa cells (MDA-MB-231 or MCF-7 cells) were cultured in the cancerous
scaffolds. After the printing of the vessel between bone and tumor, ECs (104 /mL) were
cultured in the 3D vessel channel. The coculture was conducted in mixed media (OM, BM,
and EGM with a ratio of 1:1:1). To observe the migration, growth, and colonization of BrCa
within the vascularized bone, after 1, 3, and 7 days of co-culture, the samples were imaged
under a confocal microscope. The level of fluorescence was quantified to obtain BrCa area%
in the bone region by Image J analysis software. Six visible areas were randomly selected
for quantifying statistical analysis on each sample; there were three samples in each group.
To investigate the cell interactions among hFob, ECs, BrCa (MDA-MB-231 or MCF-7)
cells, the three chambers of the bone models were completely separated in a customized
PDMS dish, and the medium with secreted cytokines was only allowed for the exchange.
The metabolic activity was evaluated by a CCK-8 assay. The absorbance values were
measured at 570 nm on a photometric plate reader (Thermo Scientific).

Immunostaining and Gene Analysis of BrCa on 3D Printed Vascularized Bone Model:

After 2 weeks of co-culture on the 3D printed model, the samples were fixed with 10%
formalin for 15 minutes, permeabilized with 0.1% Triton X-100 for 10 minutes, and blocked
with 1% BSA for 1 hour. Then the samples were incubated with primary antibodies
overnight and colored with secondary antibodies for 2 hours. The following primary
antibodies were purchased from Abcam and used for staining: sheep polyclonal anti-von
Willebrand factor (VWF), mouse monoclonal anti-CD31, rabbit monoclonal anti-CD44,
mouse monoclonal anti-Angiopoietin 1 (Ang1l), rabbit polyclonal anti-osteocalcin (OCN),
and mouse monoclonal anti-osteopontin (OPN). The following secondary antibodies were
purchased from ThermoFisher Scientific and used: donkey anti-sheep IgG-H&L Alexa
Fluor®488, goat anti-rabbit IlgG-H&L Alexa Fluor®488, and goat anti-mouse 1gG-H&L
Alexa Fluor®594. Finally, the cell nucleus was counterstained with DAPI and imaged using
a confocal microscope.
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After 2 weeks, the gene expression profiles associated with osteogenesis, angiogenesis, and
invasion were characterized by a real-time quantitative reverse transcription polymerase
chain reaction (RT-PCR) assay. The isolation of total RNA was performed on the samples
using Trizol reagent. Total RNA purity and concentration were determined using a
microplate reader (OD 260/280 nm within 1.8-2.0). cDNA was synthesized using a real-time
RT-PCR kit (PrimeScript RT Master Mix, Takara) according to the manufacturer’s
instructions. The quantitative PCR analysis was performed in triplicate per sample using
SYBR gPCR kit (SYBR Premix Ex Taq Il (Tli RNase H Plus), Takara) and CFX384 Real-
Time System (Bio-Rad, USA). Relative quantification of gene expression was analyzed
using the standard 2-(A2CY) method, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the endogenous housekeeping gene. Primer sequences are as follows:
GAPDH, forward 5’-GGAGCGAGATCCCTCCAAA-3’, and reverse 5’-
GGCTCCCCCCTGCAAA-3’; CD31, forward 5’-GAGTCCTGCTGACCCTTCTG-3’ and
reverse 5’-CACTCCTTCCACCAACACCT-3’; VEGFA: forward, 5’-
AAGAAATCCCGTCCCTGTGG-3" and reverse, 5'-GCAACGCGAGTCTGTGTTTT-3';
OCN, forward 5’-GACTGTGACGAGTTGGCTGA-3’, and reverse 5’-
CTGGAGAGGAGAACTGG-3’; OPN, forward 5’-CATCACCTGTGCCATACCAG-3’, and
reverse 5’-GCCACAGCATCTGGGTATTT-3".

Statistical Analysis:

For quantitative experiments, data are presented as the mean + standard deviation; sample
size is greater than or equal to 6 unless otherwise indicated, and all experiments were
replicated at least three times. One-way analysis of variance (ANOVA) followed by the
posthoc Tukey’s test was used to calculate statistical significance using OriginPro Software,
and ***p < 0.001, **p < 0.01, *p < 0.05 was defined as statistical significance in all
analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Characterization and optimization of inks. (a) The compressive moduli of different matrices.
The mean * standard deviation., n=6 with triplicates, *P <0.05, ***P <0.001. (b)
Equilibrium swelling ratios of different matrices. The mean + standard deviation, n=6 with
triplicates, *P <0.05. (c) The proliferation of hFob on different matrices for 1, 3, and 7 days.
The mean * standard deviation, n=6 with triplicates. (d) hFob spreading morphology on
printed 10% GelMA/10% PEGDA/nHA matrix after 3 and 7 days of culture. (e) The
proliferation of ECs on different matrices for 1, 3, and 7 days. The mean + standard
deviation, n=6 with triplicates, *P <0.05. (f) Morphology of ECs on printed 10% GelMA
matrix after 3 and 7 days of culture.
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Figure 2.

Optimization of BrCa matrices. (a) The proliferation of invasive MDA-MB-231 cells on
different matrices for 1, 3, and 7 days. The mean + standard deviation, n=6 with triplicates,
*P <0.05. (b) The proliferation of non-invasive MCF-7 cells on different matrices for 1, 3,
and 7 days. The mean + standard deviation, n=6 with triplicates, N.S. indicates no
significance. (c) Morphology of invasive MD-MB-231 cells on printed 10% GelMA/10%
PEGDA matrix for 1, 3, and 7 days. (d) Morphology of non-invasive MCF-7 cells on printed
10% GelMA/10% PEGDA matrix for 1, 3, and 7 days.
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Figure 3.
3D printing of BrCa bone model. (a) Schematic of printed BrCa model and photo images of

different regions. (b) Photo images of 3D printed BrCa model with top view and side view
(the thickness of the model construct is ~ 3 mm). (¢) SEM image of the bone matrix region.
(d) SEM image of the vessel matrix region. (¢) SEM image of the BrCa (tumor) matrix
region. (f) Morphology of hFob on the bone matrix region. (g) Morphology of ECs on the
vessel matrix region. (h) Morphology of BrCa (MDA-MB-231) cells on the tumor matrix
region.
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Figure 4.

Immunofluorescent images of different regions for printed BrCa bone model after 7 days of
culture with DAPI staining. Bone: osteogenic OPN and OCN staining of hFob. Vessel:
angiogenic VWF and CD31 staining of ECs. Vascularized bone: OPN/vWF and OCN/CD31
dual staining. Tumor: cancer CD44 staining of BrCa MDA-MB-231 and MCF-7 cells.
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Figure5.
Development of BrCa (non-invasive MCF-7 and invasive MDA-MB-231 cells) metastasis

toward bone over 14 days of the culture period. Cell tracker imaging was conducted to
monitor the BrCa invasive process, including BrCa growth, transendothelial migration, and
colonization. B: bone tissue, V: Vessel, T: tumor tissue. The white dotted lines in each image
are used to divide the different tissue regions. The yellow arrows indicate the migration of
invasive BrCa cells. The purple arrows indicate the /n situ expansion of non-invasive BrCa
cells.
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Figure 6.
Colonization of BrCa toward bone. (a) The proliferation of hFob, ECs, MDA-MB-231 cells

in monoculture, coculture, and triculture with ECs conditions for 14 days. The mean +
standard deviation, n=6 with triplicates, *P <0.05. (b) The proliferation of hFob, ECs,
MCEF-7 cells in monoculture, coculture, and triculture conditions for 14 days. The mean +
standard deviation, n=6 with triplicates, *P <0.05. (c) Immunofluorescent images of hFob
and BrCa (MDA-MB-231 and MCF-7 cells) in a vascular environment with DAPI staining
after 14 days of culture. CD31 and vWF staining were used to identify both EC and BrCa
cells. Osteogenesis of hFFob was characterized by OCN and OPN staining. Combining CD31
and Angl was used to distinguish the BrCa cells and ECs. B: bone tissue, V: Vessel, T:
tumor tissue. The white dotted lines in each image are used to divide the different tissue
regions. The four images in the black frame are shown to compare the marker expression of
ECs and BrCa cells in the vessel and tumor regions.
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Figure 7.
Gene expression of BrCa bone model (a) CD31, (b) VEGFA, (c) OPN, and (d) OCN using

RT-PCR analysis to study the effect of non-invasive (MCF-7)/invasive (MDA-MB-231)
BrCa cells, and vascular/non-vascular environment. The mean * standard deviation, n=6
with triplicates, *P <0.05, **P <0.01.
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Schematic 1.

Conceptual design of the 3D printed BrCa bone metastatic models. (a) Beam-scanning SL
3D printing of BrCa bone model. (b) Schematic 3D view of the triculture model. (c)
Schematic of the in vivo invasion of MDA-MB-231 cells into bone, and 2D view of our
triculture model. The localized niche has three neighboring regions, consisting of
microvascularized bone, endothelial vessels, and BrCa cells. The specific features of the
model are also highlighted in the tan shaded area.
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