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Embedded Bioprinting of Breast Tumor Cells and Organoids
Using Low-Concentration Collagen-Based Bioinks

Wen Shi, Sameer Mirza, Mitchell Kuss, Bo Liu, Andrew Hartin, Shibiao Wan, Yunfan Kong,
Bhopal Mohapatra, Mena Krishnan, Hamid Band, Vimla Band,* and Bin Duan*

Bioinks for 3D bioprinting of tumor models should not only meet printability
requirements but also accurately maintain and support phenotypes of tumor
surrounding cells to recapitulate key tumor hallmarks. Collagen is a major
extracellular matrix protein for solid tumors, but low viscosity of collagen
solution has made 3D bioprinted cancer models challenging. This work
produces embedded, bioprinted breast cancer cells and tumor organoid
models using low-concentration collagen I based bioinks. The biocompatible
and physically crosslinked silk fibroin hydrogel is used to generate the support
bath for the embedded 3D printing. The composition of the collagen I based
bioink is optimized with a thermoresponsive hyaluronic acid-based polymer to
maintain the phenotypes of both the noninvasive epithelial and invasive
breast cancer cells, as well as cancer-associated fibroblasts. Mouse breast
tumor organoids are bioprinted using optimized collagen bioink to mimic in
vivo tumor morphology. A vascularized tumor model is also created using a
similar strategy, with significantly enhanced vasculature formation under
hypoxia. This study shows the great potential of embedded bioprinted breast
tumor models utilizing a low-concentration collagen-based bioink for
advancing the understanding of tumor cell biology and facilitating drug
discovery research.

1. Introduction

Breast cancer is the leading cause of cancer-related mortality in
women.[1] The traditional 2D drug screening models have failed
in developing an effective therapy against cancers, including
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breast cancers, due to the inherent limi-
tations of 2D models, particularly the lack
of 3D extracellular matrix (ECM) and cell–
cell interaction resulting in altered tumor
cell growth and drug response.[2] 3D tu-
mor models that can replicate the cell–
ECM and cell–cell interactions have shown
to better represent the tumor microenvi-
ronment (TME) and have become powerful
tools to study tumor biology and therapy.[2]

The TME is comprised of cancer cells and
stromal cells, such as fibroblast, endothe-
lial, and immune cells, and their resid-
ing ECM.[3] The interaction among these
components shape the TME and thus con-
tribute to cancer progression, drug resis-
tance and metastasis.[4] 3D bioprinting,
which allows layer-by-layer deposition of
multiple cells and biomatrix in the prede-
fined architecture, can produce complex,
heterogeneous and physiologically relevant
TME models that better predict the in vivo
drug response.[5] Thus, 3D bioprinted tu-
mor models have become a powerful and re-
producible platform to study tumor growth,
angiogenesis, and metastasis and enable
high-throughput along with more accurate

patient specific drug screening.[5,6] Many bioprinted solid tumor
models were initially focused on characterizing the behavior and
drug response of only the cancer cells in a 3D ECM.[7] However,
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more recent bioprinted TME models include other key players
such as the stromal cells in TME together with the cancer cells,
which demonstrated that the stromal cells appreciably affected
the therapeutic efficacy.[8,9] Cancer associated fibroblasts (CAFs)
and endothelial cells are the two most abundant cells in the
tumor stroma.[3] The stromal cells arrange around the cancerous
lesion and remarkably influence the cancer development.[10] The
CAFs can remodel the ECM structure and component, and thus
promote tumor migration.[11] The tumor recruited endothelial
cells form the vasculature system provide nutrients and oxygen
to assist cancer growth and spreading to distant sites.[12] CAF
can also drive tumor angiogenesis by activating endothelial
cells through its secretome.[13] In terms of 3D bioprinting, the
selection of the bioink, which constitutes a biomaterial matrix
containing a heterogeneous population of cells, is one of the
most crucial prerequisites to reconstitute the TME.[14] The
bioink for each tumor model should be carefully optimized as
it provides the ECM components influencing the cell adhesion,
migration, proliferation, differentiation, and vascularization.[15]

Matrigel is the basement-membrane matrix extracted from
the Engelbreth–Holm–Swarm mouse sarcoma and is frequently
used in tumor cell culture and considered as the gold standard
material for culturing tumor organoids.[16] However, the compo-
sition of Matrigel is not well-defined, as it consists of a mixture of
various laminins, collagen type IV, and entactin. This lack of stan-
dardization results in batch-to-batch variability, leading to uncer-
tainties in cell studies and a lack of reproducibility.[17] Moreover,
the mouse sarcoma-based ECM may not provide the breast tis-
sue specific microenvironment for breast cancer. Consequently,
it becomes challenging to fine-tune the matrix to precisely accom-
modate the desired cell behavior.[18]

Various component defined natural polymers with tunable
properties such as gelatin, alginate, and hyaluronic acid (HA)
have been successfully used to bioprint tumor models with each
polymer having distinct strengths and limitations for 3D bio-
printing application.[8,19] Another important natural polymer, col-
lagen type I, is the most abundant structural component of the
tumor ECM.[5] Collagen I plays an essential role in breast can-
cer development through cell–matrix motif interaction.[20] It can
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promote tumor metastasis through the epithelial to mesenchy-
mal (EMT) transition.[21] Aligned collagen fibrils also provides a
niche to facilitate the migration of breast cancer cells.[22] While
several tumor models have been fabricated with collagen I,[23]

3D bioprinting is minimally used in developing collagen-based
tumor models. This is because the extrusion-based 3D bioprint-
ing, the most popular printing method due to its convenience
and cost-effectiveness, requires a viscoelastic and shear-thinning
property of the bioink.[24] The viscosity of collagen solution, es-
pecially at low concentration, is typically too low, thus 3D bio-
printing of collagen-based bioink is challenging. Many extrusion-
based 3D printing studies have used a 3% collagen concentration
as the ink[25–27] and it has been demonstrated that a minimum
concentration of 17.5 mg mL−1 is required to achieve optimal
printability.[28] Previous works on the low-concentration collagen
bioinks always required additives such as Pluronic F-127, tannic
acid, or nanocellulose to increase the printability of collagen, but
the additives may potentially affect the tumor cell viability and
phenotype.[23] Another recent approach comes from a technique
called freeform reversible embedding of suspended hydrogels
(FRESH) or embedded printing.[29] The suspension bath used in
FRESH can support the printing of very low viscosity bioinks in-
side the bath and prevent their spreading to maintain the scaf-
fold morphology and allow bioinks crosslinking in situ to ensure
good cell viability. For example, human heart components have
been successfully bioprinted with collagen I bioink alone using
FRESH.[30] A single report in the literature used FRESH in cancer
models to build a high-throughput drug screening platform but
the study lacks information regarding the development of organ-
otypic cancer models.[31]

In the present study (Figure 1), we developed an optimized for-
mulation of low-concentration collagen I based bioink that was
compatible with both breast tumor cells and CAFs. We confirmed
good printability of the bioink in a silk fibroin (SF) hydrogel-
based support bath and then evaluated how matrix components
affect breast tumor cells and CAF phenotype and oncogenic
traits. Further, we cultured organoids from transgenic mice tu-
mors and then determined if the bioprinted tumor organoids
can preserve a morphology, similar to primary breast tumor. Fi-
nally, we bioprinted organotypic breast tumor models that re-
constructed several features of the TME, including angiogenesis,
EMT, and invasion. Taken together, we demonstrate the embed-
ded bioprinting strategy with an optimized, component defined
collagen I based bioink can be applied to fabricate biomimetic
tumor models. These models represent technical advances for
future drug discovery research.

2. Results

2.1. SF Hydrogel Provided a Good Support Bath for
Low-Concentration Collagen Bioprinting

The SF molecules self-assembled and easily formed physically
crosslinked hydrogel due to conformation transition of SF in-
duced by ethanol (Figure S1A, Supporting Information). Time
sweeps for SF hydrogel showed a time-independent behavior of
solutions under shearing at 22 °C, indicating its stability within
the time frame of analysis (Figure 2A). Moreover, after disruption
by an external large strain stimulus (500%), the SF hydrogel was
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Figure 1. Schematic illustration of SF hydrogel based supporting bath for 3D bioprinting of organotypic breast tumor models. A) Preparation of physically
crosslinked silk fibroin hydrogel. B) Development of embedded bioprinting strategy of breast tumor models using collagen-based bioink.

able to rapidly recover from a flow state to an elastic state when
the strain was reduced to 10%, demonstrating the self-healing
ability (Figure 2B). A good suspension material should also pos-
sess the shear thinning property and a certain yield stress to meet
the requirements for embedded bioprinting.[32] The physically
crosslinked SF hydrogel was found to be a good support bath. The
shear-thinning property of SF hydrogel was first validated. When
the shear rate was increased from 1 to 5 s−1, the SF hydrogel vis-
cosity dropped markedly from 8.5 to 2 Pa s (Figure 2C). The yield
stress was determined by applying a range of small shear rates
from 1 to 5 s−1 and interpolating the shear stress value at zero
shear rate based on a linear fitting.[33] The obtained yield stress
value of 7.5 Pa was close to some reported support baths, such
as Carbopol and agarose,[32,33] implying its fitness for embedded
printing.

Due to the low viscosity of the 3 mg mL−1 collagen I solu-
tion, traditional extrusion printing is rather challenging. How-
ever, the problem was solved in the presence of the SF support
bath (Figure S1B, Supporting Information). Constructs with a
grid structure (15 × 15 × 1.5 mm, distance between adjacent
strands ≈2.5 mm) were first printed using the 3 mg mL−1 col-
lagen solution to assess the influence of nozzle size on the print-
ing fidelity and strand diameter. No major visible distortion was
seen on the collagen filaments printed in the SF support bath
(Figure 2D), especially when using the small size nozzle. The
small size nozzle (25G) also resulted in a significantly smaller
strand diameter (Figure 2E). A solid and more complex structure
(UNMC logo) was later successfully printed in the SF support
bath (Figure 2F). The polymerized collagen hydrogel was observ-
able inside the translucent SF support bath (Figure 2G). Live and
dead staining of 21PT breast cancer cells in the collagen bioink
showed the strand outline of the printed grid and revealed over
90% viability immediately after embedded printing (Figure 1H),

indicating minimal damage to the cells from the embedded print-
ing process.

2.2. Collagen–HA–pNIPAM (CH) Bioink Maintained Noninvasive
Epithelial Breast Cancer Cell Phenotype

Both collagen I and HA are important ECM components of breast
cancer TME. Previous studies in the literature have demonstrated
that HA interacts with breast cancer cells via CD44 receptors[34]

and the addition of HA can better mimic the biophysical and bio-
chemical microenvironments in breast cancer ECM.[35,36] There-
fore, we attempted to prepare a bioink composing both HA and
collagen. However, physically mixing HA with collagen precur-
sor could not retain HA in the collagen network long enough.
Chemically crosslinking HA with collagen is not straightforward
and may raise toxicity issues. Inspired by the thermoresponsive
property of the poly(N-isopropylacrylamide) (pNIPAM) polymer,
whose hydrodynamic size is substantially increased due to the en-
hanced inter-molecular interaction when the temperature (T) is
above the lower critical solution temperature (LCST),[37] we pre-
sumed that a thermosensitive HA molecule should retain in the
collagen network longer than native HA at T > LCST. We have
successfully conjugated the amine terminated pNIPAM to the
HA backbone using DMTMM as the crosslinking agent (Figure
3A). Proton nuclear magnetic resonance (1H NMR) analysis in-
dicated a 5% grafting ratio (Figure S2, Supporting Information).
The resulting HA–pNIPAM was cyto-compatible and exhibited a
thermoresponsive property; it became cloudy when the solution
temperature was above 34 °C. The HA–pNIPAM solution could
form a thermoresponsive hydrogel when the polymer concentra-
tion was at least 8% (w/v) (Figure 3B). The novel bioink was pre-
pared by mixing the collagen I (3 mg mL−1) precursor solution
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Figure 2. Evaluation of rheological properties and embedded printing performance in the SF hydrogel support bath. A) Time sweep of modulus of SF
hydrogel. B) Recovery of modulus under alternating strain (10% and 500%) of SF hydrogel. C) Shear rate dependent change of viscosity and stress of
SF hydrogel. D&E) Embedded printing of collagen I precursor (3 mg mL−1 with a red-colored dye) into a grid structure in the SF hydrogel support bath
using 22G and 25G needles (n = 7, *p < 0.05). F) Embedded printing of collagen I precursor (3 mg mL−1 with dye) into a solid structure (UNMC logo)
in the SF hydrogel support bath using 22G needle. G) Polymerized collagen with the lattice structure printed in SF hydrogel support bath. H) Live and
dead staining of 21PT cells in the bioprinted scaffold after the collagen was polymerized. Scale bar: black, 5 mm; white, 500 μm.

with the HA–pNIPAM (16 mg mL−1) solution before its polymer-
ization at 37 °C. The collagen I precursor was a clear, transpar-
ent, and colorless solution when it was incubated at 37 °C but
the collagen I with HA–pNIPAM (CH) quickly (<15 s) showed
a white and cloudy appearance at 37 °C. The relative stiffness or
storage modulus of the polymerized CH hydrogel was close to
that of the native collagen (C) hydrogel (Figure S3, Supporting In-
formation). The two collagen-based hydrogels presented similar
morphologies under Scanning electron microscope (SEM) imag-
ing (Figure 3D). However, it was found that the HA–pNIPAM in-
corporation resulted in a significant reduction in the fiber thick-
ness but did not significantly change the pore cross section size
(Figure 3E). We also prepared a rhodamine labeled HA and con-
jugated it with pNIPAM following the same procedure to mon-
itor the HA release profile from the collagen hydrogel at 37 °C.

At all tested time points, the HA–pNIPAM showed at least 2.5–
3-fold higher amount remained in the collagen hydrogel (Figure
S4, Supporting Information), confirming our hypothesis.

After establishing the bioink formulation and the bioprinting
strategy, the cancer cell behavior and phenotype were suc-
cessively determined in the bioprinted models. 21PT cells, a
noninvasive human breast cancer cell line derived from primary
breast cancer, was used as the model cells.[38] Three bioprinted
21PT models with different materials (i.e., Matrigel, collagen and
collagen–HA–pNIPAM; denoted as M, C, and CH, respectively)
were prepared. Significantly, the tumor cells displayed different
morphologies and phenotypes after 7 days of culture (Figure
4A). In both Matrigel and CH models, most 21PT cells (>85%)
formed acinar colonies with the median spheroid size of 60 μm
(Figure 4C,D). No significant differences in the acinar colony
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Figure 3. Preparation and characterization of an engineered collagen-based hydrogel containing HA-poly(N-isopropylacrylamide) (HA–pNIPAM). A)
Synthesis of HA–pNIPAM conjugate using the crosslinking agent DMTMM. B) Thermosensitive HA–pNIPAM solution (8% w/v) switched from a solution
state at 25 °C into a hydrogel form at 37 °C. C) Schematic illustration of the preparation of collagen I hydrogel containing HA–pNIPAM (CH). D) SEM
images of collagen I hydrogel (C) and CH hydrogel. E) Comparison of fiber diameter and cross-section pore sizes between the collagen and CH (n = 10,
**p < 0.01; NS, not significant). Scale bar: 5 μm.

ratio or the spheroid size were found between Matrigel and
the CH. The immunofluorescent (IF) staining also revealed a
noninvasive epithelial phenotype in both models (Figure 4B).
However, in the bioprinted collagen model, less than 25% of
the cells formed acinar colony and the spheroid size tended to
be smaller with a median size of 25 μm. The majority of 21PT
cells in the bioprinted collagen model were either isolated or
loosely clumped together (Figure 4A). Many of these cells also
showed a tail structure, suggesting an invasive mesenchymal-
like phenotype (Figure 4B). We compared the cell proliferation
in three models and found that 21PT cells proliferated faster in
Matrigel and CH models than in the collagen model (Figure 4E).
Altogether, our results are consistent with the reported data that
collagen I alone could induce the EMT transition of epithelial
breast cancer cells.[21] On the contrary, the CH hydrogel with the
addition of HA–pNIPAM in collagen I was able to maintain the
noninvasive epithelial phenotype of 21PT cells without affecting
the stiffness of the collagen hydrogel itself. Further, we analyzed
the influence of HA–pNIPAM concentration in the hybrid
collagen hydrogel on the cell behavior. For these experiments,
we prepared bioprinted CH models at lower concentration of
HA–pNIPAM (Figure S6A, Supporting Information) and found
that the decreased amount of HA–pNIPAM correlated with the

reduced acinar colony ratio (Figure S6B,C, Supporting Informa-
tion), underlying the critical role of HA–pNIPAM as the bioink
component in regulating the 21PT cell behavior and phenotype.

To validate different morphology of 21PT cells in three
conditions, we performed the RNA-seq analysis of 21PT cells
from three models and compared them with the 2D cultured
counterparts (Figure S7, Supporting Information). We first
focused on the EMT relevant gene expression. Many typical
EMT promoting genes, such as CDH2, TWIST1, EPCAM and
VIM etc. were upregulated in the collagen and 2D culture
conditions (Figure 5A) compared to those in the Matrigel and
CH models. In contrast, many EMT suppressive genes such as
CD82, CSTA, KRT17, etc. were downregulated in the collagen
and 2D culture groups. We confirmed a downregulation of
CDH1 and an upregulation of Vim in the collagen group (Figure
S8, Supporting Information), which aligns well with previous
IF staining results. We also determined the top-ranking cancer
relevant canonical pathways in these three conditions of culture
using IPA analysis. Significantly, we found cells in Matrigel and
CH models shared many similar pathways including HIF1𝛼,
tumor microenvironment, GP6 signaling, breast cancer regula-
tion by Stathmin1, ephrin receptor signaling, and protein kinase
A signaling (Figure 5B). However, cells in the collagen model
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Figure 4. Behavior and morphology of 21PT human breast cancer cells in three models with different bioinks: Matrigel (M), collagen (C), and CH at
day 7. A) 21PT cells formed mostly noninvasive acinar colonies in Matrigel and CH models but mostly nonacinar colonies in the collagen model. B) IF
staining of E-cadherin (E-cad, green) and vimentin (Vim, red) proteins on 21PT cells in three bioprinted models. C) Quantification 21PT cells forming
the acinar colony in three bioprinted models (n = 3, ***p < 0.001). D) Comparison of spheroid size formed in three bioinks (n = 14, **p < 0.01). E)
Proliferation of 21PT cells in three bioprinted models determined by MTT study (n = 4, **p < 0.01; NS, not significant). Scale bar: black, 250 μm; white,
100 μm.

displayed many other pathways such as basal cell carcinoma
signaling, calcium signaling, mitochondrial dysfunction, and
estrogen receptor signaling. These results further validated that
the 21PT cells in the CH model had similar behavior to those in
Matrigel model and maintained their noninvasive phenotype.

2.3. Bioprinted Constructs Modeled Distinct Tumor Cell Subtype
and CAF Phenotype

To further evaluate our model using triple negative breast cancer
subtype, we used MDA-MB-231 cell line, which is widely used

and exhibits invasive and metastatic properties in in vitro 2D and
3D cultures, as well as in in vivo setting. In all three bioprinted
models using different bioinks, i.e., Matrigel, collagen, and CH,
the cells showed a mixture of epithelial like and mesenchymal
like phenotypes after a 7 day culture (Figure 6A). The cells with
the mesenchymal phenotype formed a satellite structure in the
bioprinted Matrigel model while in the bioprinted collagen and
CH models the cells with the mesenchymal phenotype were sin-
gle isolated cells with an elongated tail structure. The mesenchy-
mal phenotype ratio was comparable in all three models (Figure
S9, Supporting Information). In contrast, the cells with the
noninvasive epithelial phenotype presented spheroid structure
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Figure 5. Transcriptomic analysis of gene expression changes of 21PT cells cultured in three models as compared to 2D culture. A) Heatmap of repre-
sentative EMT-related genes in three models and 2D plate. The color code represents the row z-score, where a red color indicates higher expression of
a gene, while a green color indicates lower expression of a gene. B) Canonical pathway identified by IPA showed similar enrichment between 21PT cells
cultured in Matrigel and CH models but different from cells cultured in the collagen model.
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Figure 6. Evaluation of MDA-MB-231 human breast cancer cells behavior and phenotype in embedded bioprinted models of three different bioinks.
A) MDA-MB-231 showed a mixture of noninvasive epithelial and mesenchymal phenotypes in all three bioinks at day 7. B) IF staining of E-cadherin
(not detected) and vimentin proteins on MDA-MB-231 cells in three bioinks. The cells or cell clusters with epithelial phenotypes were indicated by the
all-white arrow, while the red-in-white arrow represented the mesenchymal phenotypes. C) Live and dead staining of MDA-MB-231 cells transfected with
NT and EHD2 shRNA in CH model. D) Quantification of mesenchymal phenotype ratio of two modified MDA-MB-231 cells in the bioprinted CH model
(n = 3, *p < 0.05). Scale bar: black, 250 μm; white, 100 μm.

in the Matrigel model and isolated round structure in the colla-
gen and CH models. After staining the cells with E-cadherin and
vimentin antibodies, as expected MDA-MB-231 cells showed no
staining with E-cadherin in all three models. The satellite struc-
ture part from the Matrigel model and the elongated tail structure
part from the collagen and CH models were positive with vi-
mentin staining, consistent with their mesenchymal phenotype
(Figure 6B). The tail structure of these cells from the collagen

and CH models was also evident from the live/dead staining. We
speculated that by measuring the ratio of these mesenchymal
cells (determined from the ratio of cells with the tail structure),
we could evaluate the EMT process of the cells. For this purpose,
we bioprinted two modified MDA-MB-231 cell lines using the
CH bioink. One cell line was transfected with the EHD2 short
hairpin RNA (shRNA) to knockdown EHD2 and the other cell
line was transfected with a scrambled shRNA. We have previously
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Figure 7. The bioprinted tumor organoids in CH bioink recapitulated in vivo tumor morphology. A) Breast tumor organoids were harvested from mice
tumors. B) Left: Top view of fluorescein isothiocyanate (FITC) labeled bioink printed in the SF hydrogel support bath and side view under UV light. Right:
zoomed view of organoid loaded CH bioink printed in the SF hydrogel support bath. C) Morphology of breast tumor organoids in three bioinks at day
1. D) H&E staining of breast tumor organoids at day 7 in three bioinks. E&F) IF staining of E-cadherin and 𝛼-SMA proteins on breast tumor organoids
and mice tumor sample. G) Quantification of 𝛼-SMA positive area ratio (area of 𝛼-SMA positive region divided by total area of 𝛼-SMA and E-cadherin
positive region) from organoid samples in three bioinks and the primary tumor (n = 3, *p < 0.05; NS, not significant). Scale bar: red, 5 mm; black,
250 μm; white, 100 μm.

reported EHD2 influenced the metastasis potential of breast
cancer cells.[39] By staining the bioprinted cells using live/dead
staining method, we simultaneously determined the viability of
the cells and the mesenchymal cell ratio (Figure 6C). Both types
of cells showed high viability (>95%) in the bioprinted CH model
at day 7. Meanwhile, the mesenchymal cell ratio was significantly
reduced for the EHD2 shRNA transfected cells (Figure 6D), im-
plying reduced metastasis potential which is consistent with our
previous finding.[39] We also evaluated the phenotype of non-
cancerous breast epithelial cells (76NTERT) in three bioprinted
models, but they all presented a spheroid structure, suggesting
the role of an oncogene in directing the phenotype difference in
each model (Figure S10, Supporting Information).

The CAFs, a major player in the TME process,[40] are known
to have a crosstalk with tumor cells to influence the tumor pro-
gression and drug resistance.[11] Next, we investigated the pheno-
types of a CAF (39VTF, previously derived in our laboratory) in
three models. CAFs in the Matrigel model presented a spheroid
structure with little 𝛼-smooth muscle actin (𝛼-SMA) expression,
distinguished from the elongated structure in the collagen and
CH model with strong 𝛼-SMA expression (Figure S11A,B, Sup-
porting Information). Most importantly, in the CH model cocul-
turing 21PT and CAFs, both types of cells were able to preserve
their own phenotype (Figure S11C, Supporting Information).

2.4. Bioprinted Tumor Organoids Recapitulated In Vivo Tumor
Morphology

Given that breast cancer cells of different subtypes as well as
CAFs grew and maintained their phenotypes in the bioprinted
CH model, we next determined the possibility of bioprinting pri-
mary tumor tissues. Patient-derived organoids (PDO) are consid-

ered important tools for precision medicine due to their ability to
preserve characteristics of the original tumor.[41] In this study, we
used mouse tumor tissue derived organoids from the C3(1)-tag
transgenic mice.

C3(1)-tag (FVB/N strain), is a genetically engineered murine
model in which the expression of SV40 T-antigen in mammary
epithelial cells is driven by rat prostatic steroid binding protein
C3(1) promoter. 90% of C3(1)-tag mammary tumors represent
human basal-like triple negative breast cancer (lack proges-
terone, estrogen, and human epidermal growth factor receptor
2 receptors) with 5%–10% claudin-low features.[42,43] The C(3)1-
tag animals spontaneously develop mammary epithelial atypia
at week 8 of age and progress into mammary intraepithelial
neoplasia (close to human ductal carcinoma in situ) at week
12 of age and finally become invasive after week of 16–20 of
age, which correlates well with the progression of human breast
cancer.[44] The mouse model has been used in many studies
to test novel therapeutics toward breast cancer and has also
been applied in tissue engineering models to reproduce tumor
behavior in vivo.[45,46] The organoids derived from C3(1)-tag mice
(12 w) were encapsulated within bioinks and bioprinted into the
support bath (Figure 7A). The embedded bioprinting process
allowed high-throughput generation of tumor organoid models
in the ECM bioink in a reproducible manner (Figure 7B). Three
hydrogel materials (Matrigel, collagen and CH) were used as
the bioink matrix for fabricating the bioprinted tumor organoid
models. Bioprinted tumor organoids in the Matrigel and CH
models remained in the spheroid structure from day 1 to day
7, however, in the collagen, cells became more invasive and
quickly spread to the surrounding area on day 1, leading to the
loss of the original spheroid structure (Figure 7C). Bioprinted
tumor organoids were then harvested after 7 days of culture.
The hematoxylin and eosin (H&E) staining of the organoid
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Figure 8. Evaluation of hypoxia influence on cancer associated angiogenesis in a vascularized breast tumor model. A) Transcriptomic analysis of 21PT
cells cultured in CH bioink under normoxia and hypoxia condition. The color code represents the row z-score, where a red color indicates higher
expression of a gene, while a blue color indicates lower expression of a gene. B) Embedded bioprinting of a vascularized breast tumor model in the
silk bath. C) Illustration of two distinguished stroma and tumor areas in the bioprinted vascularized breast tumor model after printing. D) After the
collagen polymerization, bioprinted models were transferred to normoxia and hypoxia culture conditions. The inserted image showed the border region
between fibroblast cells (vimentin positive) and 21PT cells (E-cadherin positive) at day 1. E) IF staining of CD31 and E-cadherin in the stroma area under
normoxia and hypoxia condition at day 7. F) Quantification of total capillary tube length per field after 7 day normoxia and hypoxia culture (n = 3, ***p
< 0.001). G) Quantification of migrated 21PT cells after 7 day normoxia and hypoxia culture (n = 3, **p < 0.01). Scale bar: black, 1 cm; white, 100 μm.

samples showed consistent morphologies with those found
under microscope in each model (Figure 7D). IF staining with
E-cadherin and the stromal cell marker, 𝛼-SMA, demonstrated a
similar morphology to the bioprinted tumor organoids in the CH
model when compared to primary tumor tissue based on the cell
phenotype and ratio (Figure 7E,F). However, the morphologies
were altered in both Matrigel and collagen models. No obvi-
ous staining of 𝛼-SMA was detected in the Matrigel model; in
comparison, an increased level of 𝛼-SMA expression was found
in the collagen model (Figure 7E,G). These results suggested
the bioprinted tumor organoids using the CH bioink enabled
a better spatial organization and phenotype maintenance of
both the cancer cells and the stromal cells from the organoids,
resembling the in vivo tumor tissue.

2.5. Bioprinted Organotypic Tumor Models Emulated Key TME
Characteristics

Hypoxia is known to play a vital role in cancer angiogene-
sis and progression.[47] Hypoxia condition (5% O2) was imple-
mented to avoid further generating complex hypoxia mimick-
ing structure.[48] We first confirmed the hypoxia responsiveness
of the human breast cancer cells in the bioprinted CH model.
Many characteristic hypoxia-related genes were shown to have in-
creased regulation when the bioprinted 21PT cells in CH model
were cultured under a hypoxia environment (Figure 8A). Specif-
ically, many of those upregulated genes such as VEGFA, MMP1,
MMP7, MMP9, and LOXL2 could contribute to both the EMT
and tumor angiogenesis process. This prompted us to develop
a bioprinted vascularized breast tumor model. The organotypic

model was comprised of two regions, the outside surrounding
region was bioprinted with the human umbilical vein endothe-
lial cells (HUVECs) and normal fibroblast cells (stroma region)
and the inner core region was bioprinted with the 21PT cells only
(tumor region, Figure 8B). To enhance the endothelial cell dif-
ferentiation and vessel formation, fibroblast cells were included
and the bioink for the stromal cells consisted of 3 mg mL−1 col-
lagen I and 3 mg mL−1 of fibrin. Fibrin was included in our
study based on the preliminary results that revealed unsatisfac-
tory small vessel formation in the CH bioink alone, but signifi-
cant improvement was observed after the addition of fibrin. Sub-
sequently, we discovered that vessel formation was comparable
between the CH bioink plus fibrin group and the collagen plus
fibrin group. To simplify the experimental design, we opted to
utilize collagen plus fibrin bioink for the fabrication of the an-
giogenesis region. The bioink for the tumor region only con-
sisted of the CH hydrogel as we have evaluated. Due to the print-
ability of low-concentration collagen solution in the SF hydrogel
support bath, the two-region construct was successfully printed
with the stroma region tightly connected with the tumor region
(Figure 8C). IF staining of the neighboring region showed E-
cadherin positive cancer cells, and the vimentin positive stromal
cells were adjacent with each other (Figure 8D). The bioprinted
organotypic models were then cultured in normoxia and hypoxia
conditions for up to 7 days. Afterward, the samples were fixed
and stained with the vasculature marker CD31 and the cancer cell
marker E-cadherin; the stroma region next to the tumor region
was imaged. Endothelial cells in the bioprinted model formed
more capillary-like networks under hypoxia compared to nor-
moxia. Bioprinted organotypic model in hypoxia showed a nearly
two times (p < 0.001) total vessel tube length as compared to the
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bioprinted model in normoxia (Figure 8F). In addition, the hy-
poxia condition promoted EMT, with more E-cadherin positive
cancer cells found in the stroma region under hypoxia compared
to normoxia (Figure 8E). The amount of migrated tumor cells
in hypoxia were about 1.5 times (p < 0.01) higher than that in
normoxia (Figure 8G). Thus, many TME features, such as tu-
mor stroma, tumor vasculature, EMT and invasion were emu-
lated in the embedded bioprinted organotypic models using the
low-concentration collagen I based bioink.

3. Discussion

In this study, we present evidence that the biocompatible and
physically crosslinked silk fibroin hydrogel can be used for em-
bedded 3D printing. Using collagen I based bioink, we present
evidence that the phenotypes of both the noninvasive epithelial
and invasive breast cancer cells were maintained. Furthermore,
a vascularized tumor model under hypoxia condition, mimicked
tumor angiogenesis process.

Our bioprinted breast tumor models used collagen, the most
abundant structural protein in the breast cancer ECM. Collagen
I has a key role in breast tumor development and metastasis.[20]

Increased collagen I deposition and linearization are correlated
with the breast cancer subtype and invasion.[49] The crosslink-
ing of the collagen fibrils, mediated by the lysyl oxidase (LOX)
enzyme, results in the ECM stiffening, which further drives
many cellular pathways relevant to tumor proliferation and
aggressiveness.[50,51] In recognition of the role of collagen in
breast cancer development, collagen hydrogels are considered
the naturally born and versatile platforms for creating breast
tumor models. In addition, collagen I can support the growth
and/or differentiation of many other types of cells, such as fi-
broblasts, endothelial cells, and mesenchymal stem cells (MSC),
which makes it an ideal matrix to accommodate the heterogenous
population of cells in TME.[52,53] Recently, 3D bioprinted tumor
models have become more popular as they present more closer in
vivo microarchitecture, defined organization of different cells in
the spatial dimension.[19] Another advantage of 3D bioprinting is
that it also allows easy manipulation of the cells and biomaterials
(bioink) with unlimited geometry design at high resolution.[54]

Although previous studies could develop two-compartment scaf-
folds with different collagen concentration or components, their
methods always relied on sequential polymerization of two col-
lagen gels, which was time consuming and not flexible.[55,56] In
addition, molding was required to accommodate the shape and
dimension of the individual collagen compartment. The intrinsic
feature of 3D bioprinting overcomes these limitations through
rapid prototyping and printing. It enables fast and flexible de-
sign and fabrication of complex structures such as three or more
compartmental scaffolds that replicate the complexity in the tu-
mor microenvironment. However, 3D bioprinted collagen-based
tumor models are less frequently achieved, which is mainly at-
tributed to the low viscosity of the collagen solution. The de-
velopment of FRESH and embedded printing technology pro-
vides a strategy without any viscosity additives.[57] However, we
found that the gelatin bath, which is first used in FRESH, is not
suitable for low-concentration collagen bioink as it is dissolved
quickly, in less than 15 min at 37 °C, but the low-concentration
collagen would require several hours for complete polymeriza-

tion. Pluronic F-127 and Carbopol bath could absorb water eas-
ily, thereby damaging the structure of collagen hydrogel. Agarose
gel bath has been reported with significant distortion on the
print bed path.[58] Herein, we provide evidence that the phys-
ically crosslinked SF hydrogel can be applied as a good sup-
port bath for collagen bioprinting. It had a relatively small yield
stress and good self-healing ability. It allowed the printing of low-
concentration collagen I with good fidelity and further complete
polymerization of the collagen bioink in the support bath. The
only disadvantage is the laborious process to prepare SF hydro-
gel bath from the cocoons, which could be possibly solved by pur-
chasing the commercially available SF solution.

HA is another important component of the breast tumor ECM
as it regulates cancer stem cell niche and its drug resistance.[59]

We incorporated an HA molecule with 290 kDa size in our model,
as several studies have demonstrated a significantly higher con-
centration of low molecular weight (<500 kDa) and oligo-HA
(<10 kDa) in the tumor microenvironment. Conversely, in non-
pathological settings, newly synthesized HA exhibits relatively
high molecular weight (>1000 kDa).[60–62] Our bioink was de-
signed with the purpose of retaining HA in the collagen network
longer without chemical crosslinking. We utilized the thermore-
sponsive property of the pNIPAM modified HA polymer. The
cyto-compatible HA–pNIPAM based hydrogels have been used
for drug delivery and stem cell culture.[63,64] The HA–pNIPAM
incorporation resulted in an almost 3 times higher increase in
the amount of HA component retaining in the collagen com-
pared to the native HA itself. Although it was not comparable
to the covalently linked HA, our method brought in much
more convenience, consistency, and minimal toxicity concern.
It will be interesting to investigate the influence of HA molec-
ular weight on the modified HA–pNIPAM retention in future
studies.

The CH bioink was successfully embedded bioprinted along
with the collagen bioink. The CH bioink led not only to the higher
amount of HA in the collagen (Figure S4, Supporting Informa-
tion), but also to the phenotype maintenance of various breast
cancer cell lines. To better replicate breast cancer heterogeneity,
we evaluated three breast cell lines: nontumorigenic 76NTERT
cells, a noninvasive primary patient-tumor 21PT cells, and the
invasive and mesenchymal MDA-MB-231 cells. While 76NTERT
cells showed the noninvasive epithelial phenotype in all three
models, 21PT cell line formed spheroids with similar sizes in the
CH bioink and the Matrigel bioink, keeping a major noninvasive
phenotype, but displayed an invasive phenotype in the collagen
model. Lastly, MDA-MB-231 cells showed a mixture of invasive
mesenchymal phenotype and round epithelial phenotype in all
three bioinks. RNA-seq data showed EMT gene expression and
Ingenuity Pathway Analysis (IPA) further confirmed the simi-
larity between 21PT cultured in Matrigel model and CH model
(Figure 5). Although it seems both Matrigel and CH bioinks could
maintain the phenotype of all three cells, the batch-to-batch vari-
ability and undefined composition associated with Matrigel can
affect the models’ reproducibility.[65] Another problem regarding
Matrigel is the altered phenotype of embedded CAFs (Figure
S11, Supporting Information). The CH bioink has defined com-
ponents and maintained the phenotypes for both breast tumor
cells and CAF. It was not quite clear why CH bioink had such
ability, especially for the noninvasive epithelial breast cancer
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cells. It is well known that the microarchitecture and mechanical
property of collagen I hydrogel in terms of the fiber thickness,
pore sizes and stiffness could elicit different cellular responses
of the encapsulated cells.[66] For example, thicker collagen fiber
increased the invasiveness of MDA-MB-231 cells with mesenchy-
mal migratory phenotype and the MCF-7 cells with ameboid
migratory phenotype.[67] Small pores inside the collagen could
impede the MMP independent cell migration.[68] In our case,
after HA–pNIPAM incorporation, the pore size was not changed
significantly but the fiber thickness was decreased. Interestingly,
previous studies revealed that collagen fibers in physical condi-
tion, such as the basement membrane of epithelial tissue showed
fiber diameters of 20–40 nm compared to 30–100 nm in stroma
region of carcinomas.[69,70] We postulate that the reduction in
fiber thickness can be attributed to the collapse of the thermore-
sponsive HA–pNIPAM at elevated temperatures, which conse-
quently leads to the shrinkage of the associated collagen fibril
precursor. Those changes resulted in the spheroid formation for
the noninvasive 21PT cells but did not change the migratory be-
havior of MDA-MB-231 cells. More detailed mechanisms should
be explored in future work. The stiffness of our CH hydrogel
is lower than that of breast tissues/tumors, which has been re-
ported to vary based on factors such as measurement methods,
species, location, and disease status.[71–73] It should be noted that,
upon cell encapsulation, the stiffness of the constructs tends to
undergo dynamic increases over time due to the formation of
tissue-like structures and compaction of the hydrogel.[74–76] In
our current study, the primary focus does not revolve around
the examination of the effects of modulus or stiffness on cell
behaviors. Therefore, specific experiments or an in-depth discus-
sion on this particular issue were not designed or provided. The
importance of investigating the influence of modulus/stiffness
on cell behaviors is acknowledged and will be explored in future
studies.

PDO are generated from tumor biopsies or surgical proce-
dures and can serve as models to study cancer and facilitate per-
sonalized therapy.[77] Most organoid models are established in
Matrigel, which does not well support the phenotypes of stro-
mal cells and thus fails to replicate the native TME. Encouraged
by the successful coculture of 21PT cells and cancer associated
fibroblasts, we continued to develop the tumor organoid mod-
els in the CH bioink. We used mouse breast tumor organoids
generated from transgenic mice tumors which contained stro-
mal cells. We bioprinted the mouse tumor organoids with three
bioinks and compared the organoid morphology and cell pheno-
type in the three models. The stroma cell growth/differentiation
was disfavored in the Matrigel model but overwhelmed in the col-
lagen model. The tumor cells lost the acini-like structure in the
collagen model but kept the acinar morphology in the Matrigel
model. Only the bioprinted CH model reconstituted the in vivo
tumor morphology and the phenotypes of both epithelial tumor
cells and CAF. Although embedded printing of tumor organoids
has been studied before in a gelatin bath for drug screening pur-
poses, the stromal component was still lacking.[31] Our results are
consistent with a recent study using a polyethylene glycolhydro-
gel based pancreatic tumor model for coculturing PDO and stro-
mal cells.[78] Thus, our 3D bioprinted CH model serves as a useful
model for development of a platform for high-throughput drug
screening using PDO. For our future studies, we plan to cocul-

ture PDOs with stromal cells/CAF using the 3D printed format.
The optimization process will involve mixing PDOs and CAFs
at various ratios to evaluate the impact on spheroid growth and
CAF behavior. Furthermore, we intend to perform a transcrip-
tome analysis to compare the gene expression profiles of patient-
derived cancer tumor cells and the bioprinted models. Finally, we
bioprinted a more complex two-zone organotypic breast tumor
model comprising breast tumor cells in the core and endothelial
cells and fibroblast cells in the surrounding zone, further validat-
ing the potential of embedded printing in SF bath using the low-
concentration collagen-based bioink. For this purpose, instead of
using CH bioink, we applied a 3 mg mL−1 collagen and 3 mg
mL−1 fibrin as the matrix to encapsulate endothelial cells and fi-
broblasts. The addition of fibroblasts and fibrin was critical for
the formation of 3D vascularized tumor models[79] and our re-
sults also showed the modified 3D printed bioink supported en-
dothelial network formation even in normoxia condition. As the
development of breast tumor is closely linked to hypoxia, we cul-
tured the organotypic model in a hypoxia condition and found
that both the breast tumor extravasation and vessel formation
were significantly enhanced, recapitulating the in vivo response
of the breast tumors.[80] One possible reason is the increased se-
cretion of pro-angiogenic factors from the tumor cells under hy-
poxia. These factors are known to permeate the hydrogel network
and the transcriptome study of the 21PT cells revealed many fac-
tors such as VEGFA, MMP and LOXL2 were upregulated under
hypoxia.

Our strategy should also facilitate the development of a bio-
printed cancer-on-a-chip model.[81] Many other cells, such as the
immune cells and adipocytes, MSC cells can be further included
in the collagen-based bioinks as collagen I has already been
widely used for the 3D culture of macrophages, T cells, adipocytes
and MSC cells.[53,82–84] For example, a bioprinted breast cancer
and CAR T-cell model can be used for high-throughput evalua-
tion of cell therapy response in the solid tumor.[85] One feature of
the cancer-on-a-chip system is the perfusable vasculature, which
can be potentially achieved by embedded printing.[58,86] We con-
ducted a preliminary study by first printing the 15% Pluronic
F127 as a sacrificial ink in the SF bath and then infusing the
channel with a dye solution (Figure S12, Supporting Informa-
tion). The versatility of this platform should have huge potential
in 3D tumor modeling.

4. Conclusion

In summary, we developed a SF hydrogel support bath that
allowed embedded bioprinting of low viscosity collagen-based
bioinks at good shape fidelity. The addition of HA–pNIPAM
within collagen I bioink maintained the original phenotypes of
breast cancers of different subtypes and CAF. This biofabrica-
tion technique further provides significant advantage of high-
throughput manufacturing of tumor organoid models that repli-
cated the in vivo tumor morphology and cell phenotype. Ad-
ditionally, organotypic models with complex structures and at
least three types of cells can be fabricated by simply adjusting
the collagen-based bioink components and printing patterns.
The embedded bioprinted tumor models with the collagen-based
bioink should be a promising platform for studying tumor mi-
croenvironment and patient specific drug screening.
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5. Experimental Section
Preparation of SF Hydrogel and Rheological Characterization: Following

the previous method, The Bombyx mori cocoons (from Mulberry Farms)
were boiled in the 0.02 m Na2CO3 aqueous solution (Fisher) for 30 min
at 100 °C.[87] The boiled cocoons were rinsed with deionized water three
times to remove the sericin from the surface of silk fiber. The rinsed co-
coons were then dried at room temperature overnight. To prepare the pu-
rified aqueous SF solution, the degummed and dried silk fibers were dis-
solved in 9.3 m lithium bromide aqueous solution at 90 °C for 3 h. Then,
the dissolved SF solution with an approximate 20% concentration (w/v)
was dialyzed with deionized water at 4 °C for 3 days in a 6–8 kDa molecu-
lar weight cut-off (MWCO) dialysis bag. The purified SF solution was cen-
trifuged at 4500 rounds per min (rpm) for 10 min at 4 °C to remove insolu-
ble aggregates. The final SF concentration was determined by weighing the
mass before and after a complete drying process. To prepare the physically
crosslinked silk hydrogel, the SF solution was first diluted to 1% concen-
tration (w/v) using deionized water and the solution pH was adjusted to
9.5–10 using 1N NaOH aqueous solution. The solution was then mixed
with pure ethanol to reach a final concentration of ethanol at 5% (v/v).[88]

The final solution was kept in a capped tube and incubated for at least
24 h at 37 °C. After gelation, the residual ethanol was removed by dialysis
against water for one day at 4 °C and the hydrogel was collected and stored
at 4 °C.

Synthesis of HA-Poly(N-isopropylacrylamide) (pNIPAM) Conjugate: The
HA–pNIPAM polymer conjugate was prepared by conjugating the amine
terminated pNIPAM (Sigma, 5.5 kDa) to the HA backbone (290 kDa,
Bloomage Biotech) using coupling agent 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)−4-methyl-morpholinium chloride (DMTMM, TCI America) (Figure
2A). Typically, 100 mg of HA (0.25 mmol) was dissolved in 20 mL de-
ionized (DI) water. Next, 100 mg of pNIPAM (0.02 mmol) and 140 mg
DMTMM (0.5 mmol) were added to the HA solution, respectively. After
all the agents were dissolved, the pH of the solution was adjusted to 6.5
using 1N HCl (Fisher Chemical) solution. The reaction mixture was stirred
at room temperature for 72 h. After that, the mixture was transferred to a
50 kDa MWCO dialysis bag (Spectrum) and dialyzed against DI water for 5
days at room temperature, with the water changed twice every day. The di-
alyzed solution was freeze-dried in a benchtop lyophilizer (FreeZone from
Labconco) to obtain the HA–pNIPAM polymer conjugate. The conjugate
was stored at −20 °C before use.

1H NMR Analysis of HA–pNIPAM: 1H NMR analysis was conducted
using a 500 MHz Bruker NMR system and then analyzed with the Topspin
4.0 software. The polymer conjugate was dissolved in D2O (Acros Organ-
ics) at 5 mg mL−1 for NMR acquisition with the chemical shifts referred
to the solvent peak of D2O at 4.78 ppm at 25 °C. Annotation and assign-
ment of the chemical shifts as well as the grafting ratio calculations were
performed following the reference method.[89]

Preparation and Characterization of Collagen and Collagen–HA–pNIPAM
Bioinks: Bovine collagen type I (10 mg mL−1, Advanced Biomatrix) was
first neutralized with 1N sodium hydroxide solution and then mixed with
one ninth of its total volume of 10X phosphate buffered saline (PBS) to
prepare a collagen precursor solution (9 mg mL−1). It was then diluted
with another two times volume of PBS to prepare a collagen precursor
solution at 3 mg mL−1. Following that, HA–pNIPAM stock solution was
prepared by dissolving the conjugate in PBS at 80 mg mL−1 with solution
pH adjusted to 7, using 1N sodium hydroxide buffer. Different amounts
of HA–pNIPAM stock solution and PBS were then added to the 9 mg
mL−1 collagen precursor solution to achieve the collagen–HA–pNIPAM
(CH) precursor solution with a final collagen concentration at 3 mg mL−1

with varying concentration of HA–pNIPAM (at 16, 8, and 4 mg mL−1, re-
spectively). All the above steps were conducted on ice to prevent the early
gelation of collagen precursor. The precursor solution was polymerized
in a 37 °C environment. The relative stiffness or storage modulus of the
collagen hydrogels were measured using the Discovery HR-2 rheometer
(TA Instruments) at 37 °C following the previous method.[90] In each
test, 200 μL of precursor solution was placed between the 20 mm parallel
plates with the geometry gap set at 500 μm and the strain set at a constant
10%.

SEM Imaging: The polymerized hydrogel was fixed with 2%
paraformaldehyde at room temperature for 15 min, washed with
water, and then lyophilized. After mounting the lyophilized sample on a
stub, surfaces of the cross-section of each hydrogel were coated with a
thin layer of gold in the sputter coater. The structure and pore sizes of
each sample were studied by the SEM (FEI Quanta 200).

Cell Culture: Breast cancer cell line, 21PT was cultured in normal 2D
culture conditions, as previously described.[91,92] The MDA-MB-231 breast
cancer cell line was cultured in Roswell Park Memorial Institute (RPMI)
1640 (Invitrogen) medium with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin–streptomycin (Gibco). The HUVECs were cultured in the en-
dothelial basal medium including all the necessary supplements provided
by the supplier (Lonza). For normoxia culture condition, cells were main-
tained at 37 °C with 5% CO2 and 21% O2. For hypoxia culture condition,
cells were maintained at 37 °C with 5% CO2 and 5% O2 in trigas incubator
(Thermo Fisher Scientific). The medium was changed every two days.

Isolation of Organoids from Primary Murine Tumor C3(1)-Tag: Mouse
tumor organoids were derived from tumors from 12 weeks C3(1)-tag
mice (originally obtained from the Jackson Laboratory). All animal pro-
cedures conducted have been approved by the IACUC at UNMC (ap-
proval# 18-103-08 FC). The isolation and process methods were described
previously.[93] Briefly, tumors were physically minced and enzymatically
digested using a digestion medium containing 2 mg mL−1 collagenase
(Sigma), 2 mg mL−1 trypsin (Life Technologies), 5% v/v fetal bovine serum
(Gibco), 5 μg mL−1 gentamycin (Life Technologies), and 5 μg mL−1 insulin
(Sigma) in 20 mL of Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F12, Life Technologies) media for 1 h at 180 rpm in 37 °C
shaker. The digested tissues were palleted by spinning down at 400g for
10 min. The palleted organoids were transferred to bovine albumin (BSA)
coated (2.5% BSA solution) 15 mL falcon tube using BSA coated pipette to
maximize organoid yield. Spinning down at 400g for 10 min. was repeated.
The pallet was resuspended with 10 mL DMEM/F12 media and 80 μL of
DNase (Sigma) to get rid of extracellular DNA released from stromal cells
and necrotic tissues. A series of fast and short differential centrifugation
steps (1700 rpm for 15 s for three times) were followed to deplete single
cancer cell or stromal cell and enrich for epithelial organoids. The number
of tumor organoids were counted and embedded in hydrogels/bioinks in
presence of 2.5 × 10−9 m fibroblast growth factor 2 (Peprotech) growth
factor and 1% v/v ITS (insulin, transferrin, and selenite) (Bio-Techne Cor-
poration).

Embedded Bioprinting Process: To illustrate the feasibility of embedded
3D bioprinting using the low-concentration collagen I solution, 21PT cells
were suspended in the collagen precursor solution (3 mg mL−1) at 1 × 105

mL−1 on ice. The bioink was then transferred into the deposition syringe
(Nordson EFD) and loaded into the Bioplotter 3D (EnvisionTEC) extru-
sion printer. The syringes were capped with printing nozzles with either 22
gauge (G) or 27 G size metal tips. The printing parameters and patterns
were adjusted by VisualMachines software (EnvisionTEC). Printing pres-
sure for the bioinks was 0.4 ± 0.1 bar. Typical printing speed was 4 mm
s−1 using the 22 G nozzle and 7 mm using the 27 G nozzle. The bioink
was printed into a 5 mm thick SF support bath at room temperature in a
5 cm cell culture dish. The printed collagen together with the SF bath was
incubated at 37 °C for at least 2 h for complete gelation.

For the evaluation of cell behavior and phenotype, 21PT and MDA-MB-
231 cell lines and cancer associated fibroblasts (39VTF) were suspended
in three types of hydrogel precursor solutions at 1 × 105 mL−1 on ice.
Following the same printing parameters as described above, a solid circle
shape scaffold (8 mm diameter and ≈1.5 mm thickness) was printed in the
SF support bath with each bioink to generate different bioprinted models.
After the hydrogel was fully polymerized, each scaffold was mildly taken
out from the bath using a spatula and placed in one well of the 6-well plate
with 4 mL of medium for a long-term culture. In terms of the coculture
model, 21PT and 39VTF cells at 1 × 105 mL−1 were mixed in the CH bioink
on ice and then bioprinted.

For mouse tumor organoids bioprinting, about 400 tumor organoids
were mixed in each 0.5 mL of three types of hydrogel precursor solutions
and the bioink was printed following the same method described above.
To test the high-throughput printing feasibility, an FITC dye at 1 mg mL−1
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was added into the bioink and the bioink was printed into the SF bath
in each well of a 48-well plate. The bioprinted organoids were cultured in
the same medium used for 21PT cells. In order to evaluate how different
matrices affect cancer cell behavior and phenotype, the above-mentioned
cells/organoids with the same density were encapsulated within Matrigel
(denoted as M, obtained from Corning) and collagen I (denoted as C) for
comparison with CH bioink.

For the fabrication of an organotypic tumor model, 21PT cells at 4 ×
106 mL−1 were suspended in the CH bioink and printed into the SF bath
to prepare the core region (8 mm diameter and ≈1.5 mm thickness) while
the endothelial cells HUVEC at 2×106 mL−1 and immortal human fibrob-
lasts H16NF[94] at 5 × 105 mL−1 were suspended in the bioink consisting
of 3 mg mL−1 collagen I and 3 mg mL−1 human fibrin (3 mg mL−1 hu-
man fibrinogen plus 0.5 U mL−1 thrombin, EMD Millipore) and printed as
the surrounding region (0.8 and 1.2 mm as the inner and outside diam-
eter, ≈1.5 mm thickness). The bioprinted organotypic tumor model was
cultured in a medium containing 50% 21PT culture medium and 50% en-
dothelial cell culture medium.

Live/Dead Staining and Cell Proliferation Study: A live/dead assay was
used to evaluate the cell viability inside the bioink after bioprinting fol-
lowing the published protocol.[92] The cancer cell proliferation in different
bioinks were tested at three different time points (days 1, 3, and 7) by
the MTT ([3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide,
Sigma) assay.[8]

IF and Histological Staining: 3D cultured cancer cells with or without
stromal cells in different matrix were washed with PBS and then fixed in 4%
PFA at 4 °C for 3 h, respectively. The samples were then washed twice in
PBS and permeabilized with 0.2% Triton X-100 (Sigma) for 10 min at room
temperature (RT), followed by blocking with 1% BSA solution overnight at
4 °C. Subsequently, the 21PT or MDA-MB-231 samples were incubated
overnight at 4 °C with primary antibodies anti-E-cadherin (1:100 dilutions
in blocking buffer, Cell Signaling) or antivimentin (1:100, Sigma). The can-
cer associated fibroblast cells were incubated with antialpha smooth mus-
cle actin (𝛼-SMA, 1:100, Sigma) primary antibody. The tumor organoid
samples were labeled with the anti-E-cadherin (1:100) and anti-𝛼-SMA
(1:100) antibodies and the vascularized tumor model samples were la-
beled with the anti-E-cadherin (1:100) and anti-CD31 (1:100, Cell Signal-
ing) or antivimentin (1:100) antibodies. On the next day, after rinsing three
times with PBS, samples were incubated with secondary fluorescent anti-
bodies at room temperature for 2 h and further incubated with DRAQ5 PBS
buffer (1:1000, Thermo Scientific) for 30 min before confocal imaging. All
IF staining images in the study were acquired using a Zeiss 880 confo-
cal microscope with layer-by-layer scanning, capturing at least ten layers
of images. The acquired images were then reconstructed by stacking all
the scanned images together using Zeiss Zen blue software. ImageJ soft-
ware was used to analyze the IF images to determine the ratio between
the epithelial and mesenchymal phenotypes. Cell counts were manually
adjusted based on the sizes and shapes of the clusters when cell clusters
were observed.

Each sample of tumor organoids in the bioprinted model of respective
bioink after 7 day culture was used for histological evaluation. The sam-
ple was washed with PBS and fixed in 4% paraformaldehyde solution at 4
°C for 3 h and then paraffin-embedded and sectioned using a microtome.
Each 10 μm thick section was deparaffinized in xylene and stepwise rehy-
drated in baths of reduced concentrations of ethanol prior to staining.[95]

H&E staining was carried out following the standard protocol in UNMC
tissue core facility.

Transcriptomic Analysis: 21PT cells cultured for 7 days in different 3D
matrices, followed by washing with PBS, and then homogenized by a bead
mill homogenizer (Fisher Scientific) in the cell lysis buffer (Qiagen). 2D
cultured 21PT cells on day 7 were directly lysed with the lysis buffer in the
plate. The total RNA was isolated from the cell lysate using QIA-Shredder
and RNeasy mini-kits (Qiagen) following the manufacturer’s protocols.
RNA-seq was performed at the Genomic Service Core of UNMC. The qual-
ity of the extracted RNA was evaluated using an Agilent fragment analyzer.
RNA with an RNA integrity score over 8.0 was used for RNA-seq library
preparation with the sample preparation kit TruSeq RAN Sample Prepara-
tion v2 and sequenced on an Illumina NovaSeq 6000 instrument.

IPA Canonical Pathway Analysis: The differentially expressed genes
from RNAseq analysis were further analyzed using Ingenuity Pathway Anal-
ysis (IPA; QIAGEN Inc.).

Statistical Analysis: All experiments were repeated at least thrice. All
quantitative data are expressed as the mean± the standard deviation (SD).
Statistical analysis was performed using an unpaired Student’s t-test for
comparisons between two groups, while one way ANOVA with a Neuman-
Keuls post-hoc analysis was employed for comparisons involving three
or more groups. The analysis was carried out using GraphPad Prism 7
software. The significance was represented as follows: *p < 0.05; **p <

0.01; ***p < 0.001.
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