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A challenge in cancer research is the lack of physiologically responsive in vitro models that enable tracking of
cancer cells in tissue-like environments. A model that enables real-time investigation of cancer cell migration,
fate, and function during angiogenesis does not exist. Current models, such as 2D or 3D in vitro culturing, can
contain multiple cell types, but they do not incorporate the complexity of intact microvascular networks. The
objective of this study was to establish a tumor microvasculature model by demonstrating the feasibility of
bioprinting cancer cells onto excised mouse tissue. Inkjet-printed DiI+ breast cancer cells on mesometrium
tissues from C57Bl/6 mice demonstrated cancer cells’ motility and proliferation through time-lapse imaging.
Colocalization of DAPI+ nuclei confirmed that DiI+ cancer cells remained intact postprinting. Printed DiI+ 4T1
cells also remained viable after printing on Day 0 and after culture on Day 5. Time-lapse imaging over 5 days
enabled tracking of cell migration and proliferation. The number of cells and cell area were significantly
increased over time. After culture, cancer cell clusters were colocalized with angiogenic microvessels. The
number of vascular islands, defined as disconnected endothelial cell segments, was increased for tissues with
bioprinted cancer cells, which suggests that the early stages of angiogenesis were influenced by the presence of
cancer cells. Bioprinting cathepsin L knockdown 4T1 cancer cells on wild-type tissues or nontarget 4T1 cells on
NG2 knockout tissues served to validate the use of the model for probing tumor cell versus microenvironment
changes. These results establish the potential for bioprinting cancer cells onto live mouse tissues to investigate
cancer microvascular dynamics within a physiologically relevant microenvironment.
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Impact Statement

To keep advancing the cancer biology field, tissue engineering has been focusing on developing in vitro tumor biomimetic
models that more closely resemble the native microenvironment. We introduce a novel methodology of bioprinting ex-
ogenous cancer cells onto mouse tissue that contains multiple cells and systems within native physiology to investigate
cancer cell migration and interactions with nearby microvascular networks. This study corroborates the manipulation of
different exogenous cells and host microenvironments that impact cancer cell dynamics in a physiologically relevant tissue.
Overall, it is a new approach for delineating the effects of the microenvironment on cancer cells and vice versa.

Introduction

Cancer represents a significant challenge to public
health in the United States and worldwide and an op-

portunity for the biomedical engineering field. Solid tumors

account for the majority of cancer-related deaths,1 yet drug
attrition rates remain high for the treatment of these dis-
eases.2,3 One potential explanation for these high attrition
rates is the lack of in vitro tumor microenvironment models
at the preclinical level. In addition to neoplastic cells, solid
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tumors comprise many host cell types within the tumor
microenvironment.4 It is increasingly clear that neoplastic
cells influence host cells to promote angiogenesis, growth,
metastasis, drug resistance, and other tumorigenic pheno-
types.5 Tumor-associated host cells and their interactions
with neoplastic cells offer attractive therapeutic targets for
their key roles in tumor progression.6 Therefore, under-
standing these cancer cell dynamics and cell-environment
interactions are crucial for the development of new thera-
peutic modalities.

The investigation of cancer cell/host environment in-
teractions requires models that incorporate cancer cells,
stromal cells, and blood vessels. A challenge for tissue
engineering is building the complexity of the cancer-host
environment. To meet this challenge, tissue engineering
methods have incorporated two- and three-dimensional (3D)
in vitro cell assays, microfluidics, and bioprinting. Advances
in these bottom-up approaches are highlighted, for example,
by microfluidic models that incorporate multiple cell types,
patterned channels, fluid flow, and an extracellular matrix.7

These microfluidic approaches are being used for the in-
vestigation of tumor cell migration dynamics,8,9 the effects
of hypoxia on extravasation,10 and effects of environmental
gradients on tumor cells.11 Another emergent technology is
3D bioprinting.12 Three-dimensional printing of complex,
functional living tissues is made feasible due to the wide-
spread use of additive manufacturing technologies with
biocompatible and cell-laden biomaterials.13–15 A recent
study has three-dimensionally printed a scaffold-free tumor
containing fibroblasts, cancer cells, and endothelial cells that
arrange themselves similar to in vivo tumors.16 Another
study has focused on creating vascularized-oriented models
by bioprinting a perfused channel lined with endothelial
cells that is adjacent to a cluster of glioma stem cells to
study glioblastoma vascular dynamics.17

Despite the advancements of these bottom-up engineered
models and the demonstration of their usefulness for cancer
research, the goal to recapitulate in vivo complexity moti-
vates new approaches that intersect engineering and physi-
ology. The objective of this study is to develop a novel
tumor microenvironment in vitro model containing micro-
vascular networks by incorporating bioprinting methodol-
ogy and a recently introduced ex vivo mouse tissue culture
model. Our results support the potential for bioprinting on
live, mouse tissues. The top-down approach to spatially
control the addition of cells to an intact tissue expands the
potential applications of bioprinting and showcases a
model for modulating cell and microenvironment inter-
actions, independently.

We previously demonstrated the ability to print cancer
cells on rat mesentery ex vivo using laser direct to deposit
cancer cells on rat tissue.18 This was the first demonstra-
tion of printing live cells on live tissue. Herein, we now
establish the ability to print on mouse tissue enabling the
future use of transgenic mouse strains to probe cell versus
environment mechanisms. The mesometrium tissue is a
thin, translucent connective tissue that is easily harvested,
self-contained, and maintained in culture.19 Its simplicity
and the fact that it contains intact microvasculature makes
this mouse tissue advantageous for bioprinting exogenous
cells. In this study, exogenous breast cancer cells were
successfully bioprinted in a pattern onto live mouse tissue

that contained intact microvascular networks. The bio-
printed cancer cells and the tissue remained viable during
ex vivo culture for 5 days. Time-lapse imaging allowed the
tracking of cancer cells, which revealed their proliferative
and migratory dynamics within an intact microvasculature.
Furthermore, studies with genetically modified breast
cancer cells and genetically modified tissues demonstrated
the ability to probe neoplastic cancer cell and host mi-
croenvironment changes.

Materials and Methods

Culturing and labeling cells

The breast cancer cell lines used in these experi-
ments were 4T1 murine cells obtained from American Type
Culture Collection (Manassas, VA). Cells were cultured in
RPMI media supplemented with 10% fetal bovine serum
(FBS) and maintained under normal culture conditions
(37�C and 5% CO2). Cells were subcultured upon reaching
75% confluence. Nontarget (NT: SHC202V) and cathepsin
L knockdown (CTSL KD: TRCN0000030580) cells were
generated using Sigma Mission Lentiviral Particles (Sigma-
Aldrich, St. Louis, MO). NT and KD cells were maintained
under normal culture conditions in the presence of 3mg/mL
puromycin. For bioprinting, 15 million cells were labeled
with Vybrant CM-DiI (Molecular Probes, Eugene, OR) as
per manufacturer’s protocol. Briefly, cells in suspension
were centrifuged at 600 g for 5 min and then resuspended
with 4 mL of minimum essential media (MEM; Gibco,
Thermo Fisher Scientific, Waltman, MA) +1% Penicillin/
Streptomycin (Pen-Strep; Gibco, Thermo Fisher Scientific)
containing 20 mL of the DiI solution. The cells were then
incubated at 37�C for 5 min following another incubation at
4�C for 15 min. They were centrifuged again at 600 g for
5 min to be washed one time with Dulbecco’s phosphate
buffered saline (DPBS; Gibco, Thermo Fisher Scientific)
before being resuspended in 600mL of MEM +1% Pen-Strep
supplemented with 10% FBS.

Transwell assay

Transwell inserts (8 mm pore) were coated with 50 mL 1:5
dilution of Matrigel:RPMI, respectively. Inserts were then
incubated at 37�C for 30 min to allow the Matrigel to so-
lidify. Complete medium was added to the underside of the
insert and 104 4T1 cells were suspended in 200 mL serum-
free RPMI and plated on top of the solidified Matrigel. Cells
were allowed to invade through the Matrigel for 24 h at
37�C and 5% CO2, then fixed with 70% ethanol and stained
with 0.1% crystal violet. Any cells and Matrigel remaining
on the top of the insert were removed with a cotton swab.
Cells that invaded to the underside of the insert were
counted, n = 4.

Cell proliferation assays

For in vitro cells: In a 96-well plate, 4T1 cells were
seeded at 103 cells/well in a total volume of 100 mL com-
plete media. Cells were grown at 37�C in 5% CO2. Cells
were incubated with 10mL of Cell Counting Kit-8 (CCK8;
Dojindo Molecular Technologies, Rockville, MD) reagent
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for 1 h at 37�C. Cell proliferation was assessed by measuring
the absorbance at 450 nm, n = 3.

For bioprinted cells: After 3 days of culture, mesome-
trium tissues with printed cancer cells were labeled for
BrdU, E-Cadherin, and DAPI. Briefly, BrdU (Sigma-
Aldrich) dissolved in MEM +1% Pen-Strep (1 mg/mL) was
added to each well after removing old media and incubated
under normal culture conditions for 2 h. Tissues were then
spread on microscope slides and fixed in 4% paraformal-
dehyde for 10 min at room temperature. After three 10-min
washes with PBS, they were placed in a 2M hydrochloric
acid solution for 1 h at 37�C. Following another three 10-
min washes with PBS +0.1% saponin, tissues were labeled
with polyclonal rabbit anti-brdU (Abcam, Cambridge, MA)
primary antibody diluted at 1:100 with PBS +0.1% saponin
+2% bovine serum albumin (BSA) +5% normal goat serum
(NGS) incubated at 4�C overnight. The next day, following
three 10-min washes with PBS +0.1% saponin, tissues were
incubated with the secondary antibody, goat anti-rabbit
Alexa Fluor-594 ( Jackson ImmunoResearch Laboratories,
West Grove, PA), diluted at 1:100 with PBS +0.1% saponin
+2% BSA +5% NGS incubated at room temperature for 1 h
in the dark. After washing, they were labeled with FITC-
conjugated E-Cadherin (BD Biosciences, San Jose, CA)
diluted at 1:100 with PBS +0.1% saponin +2% BSA +5%
NGS incubated at room temperature for 1 h in the dark.
Following washes, tissues were labeled with DAPI (Thermo
Fisher Scientific) stain diluted at 1:3000 with PBS +0.1%
saponin +2% BSA incubated at room temperature for 10 min
in the dark.

Immunoblot

Whole cell lysates were harvested in RIPA buffer sup-
plemented with protease inhibitor (Sigma-Aldrich). Lysates
were incubated on ice for 30 min with periodic vortexing
before centrifugation at 10,000 rpm at 4�C. Protein con-
centration was normalized using BCA assay and equal
concentration of proteins were diluted in Laemmli Buffer
(0.125 M Tris, 4% SDS, 20% glycerol, b-mercaptoethanol)
and boiled for 5 min. Lysates were run on a polyacrylamide
gel and transferred to PVDF membrane before blocking in
5% milk in TBST (20 mM Tris, 137 mM NaCl, 0.1% Tween
20, pH 7.5) for 1 h. Primary antibodies utilized were against
cathepsin L (R&D Systems, Minneapolis, MN) and actin
(Sigma-Aldrich) used at 1:2000 and 1:20,000, respectively.
Primary antibodies were incubated in 5% BSA in TBST
overnight at 4�C. HRP-conjugated secondary antibodies
were incubated for at least 1 h in TBST followed by de-
tection using the Pierce ECL2 reagent (Thermo Fisher
Scientific).

Animal models

All animal experiments were approved by the University of
Florida’s Institutional Animal and Care Use Committee. Six-
to eight-week-old female BALB/c mice were injected through
the tail vein with 104 NT shRNA or CTSL shRNA expressing
4T1 cells in a total volume of 100mL PBS. Three weeks after
inoculation, mice were euthanized and their lungs were har-
vested. The number of macroscopic lung colonies were
counted, n = 10. For the mammary intraductal models, 1-year-

old retired breeder female BALB/c mice were anesthetized
using isoflurane and injected in their left 4th mammary with
103 NT shRNA or CTSL shRNA expressing 4T1 cells in a
total volume of 10mL. Mammary tumors were measured over
time using calipers (Tumor volume = Length · width2). At
humane endpoints, mice were euthanized and mammary tu-
mors and lungs were harvested, n = 14.

Mouse mesometrium tissue harvesting

The protocol followed for tissue harvesting is from
Suarez-Martinez et al.19 Briefly, 10–16 week-old, female
C57BL/6, wild-type (WT) and neuron-glial antigen 2 knock-
out (NG2 KO) mice were euthanized by CO2 asphyxiation
followed by cervical dislocation. The abdominal fur was re-
moved and the abdomen was sterilized with 70% isopropyl
and iodine. After cutting the abdominal skin and muscle and
moving all the organs to expose the uterine horns, the me-
sometrium tissues were harvested. The mesometrium tissue is
the connective tissue of the uterine horn in female mice. The
dimensions of this tissue ranged approximately 6–10 mm in
length, 10–15 mm in width, and 70–90mm in thickness (data
not shown). The excised tissues were rinsed in warm DPBS,
transferred to warm MEM, and 1% Pen-Strep, and then moved
into the incubator set to normal culture conditions.

Inkjet printing breast cancer cells

In a biosafety cabinet, individual mesometrium tissues
were spread on a polycarbonate filter fitted to a cell-crown
insert (Sigma-Aldrich) and then placed on a 100 mm sterile
Petri dish. The dish with the tissue was then transferred out
of the biosafety cabinet and on top of the stage of the inkjet
bioprinter. The cell bioink used comprised DiI-positive
breast cancer cells suspended in cell medium (MEM +1%
Pen-Strep +10% FBS) and 2% (w/v) sodium-alginate (Acros
Organics, NJ) solution mixed in a 2:1 ratio, respectively.
The cell bioink was deposited using drop-on-demand inkjet
printing, as illustrated in Figure 1, for its accurate perfor-
mance as described in previous studies.20–22 Specifically,
the cell bioink was deposited through droplets onto the
mesometrium tissue using an inkjet system that comprised
a 120mm ABL piezoelectric printhead (MicroFab, Plano,
TX) whose control module generated the voltage excitation
waveform, an xy motorized motion stage (Aerotech, Pitts-
burgh, PA) to adjust the position of the printhead, and a
pneumatic controller (MicroFab) ensuring enough fluid
back pressure to maintain proper menisci levels of the cell
bioink. Herein, the excitation waves used are described as
follows: driving voltage of –120 V, frequencies of 2 Hz,
dwell/echo times of 40–45 ms, and rise and fall times of 8–
10 ms. A single cancer cell spot per tissue was created, each
containing 10–12 droplets of the cell bioink in the same
location. Warm MEM +1% Pen-Strep was added on top of
the tissue about 30 s after printing and then incubated for
5 min under normal culture conditions. The tissue with cells
was then inverted into a well of a six-well culture plate with
1 mL of MEM +1% Pen-Strep supplemented with 20% FBS;
3 mL more of the culture medium was added to have a total
of 4 mL of MEM +1% Pen-Strep +20% FBS. The tissues
with cells were then placed in an incubator set to normal
culture conditions for up to 5 days, where the culture media
were changed every 24 h, n = 7 per group.

440 SUAREZ-MARTINEZ ET AL.



Quantification of motility and proliferation of bioprinted
breast cancer cells

The spot of DiI-positive breast cancer cells (NT and
CTSL KD) that were bioprinted onto the mesometrium tis-
sues were imaged every 24 h starting at Day 0 to create a
time-lapse. Utilizing ImageJ software, the motility and pro-
liferation of the printed cells were quantified. For motility
calculated on Day 0, 1, and 2, a perimeter was traced to
enclose the spot of DiI-positive cells measured in mm2. Motility
on Day 5 was quantified from immunohistochemistry-labeled
tissues by tracing the perimeter of E-Cadherin-positive
cells. All area measurements correspond to the pixel per mm
ratio that is determined by the objective used to create
the image. For proliferation calculated on Day 0, 1, and 2,
the Cell Count plugin was used to count the individual
DiI-positive cells. Proliferation on Day 5 was quantified
from immunohistochemistry-labeled tissues by creating a
rectangle within the drawn perimeter enclosing all the
E-Cadherin-positive cells. The area of the rectangle was the
equivalent of 5% of the total cell area. The Cell Count
plugin was then utilized to count the E-Cadherin-positive
cells within the drawn rectangle containing an area that is
representative of the total cell area. The total number of
cancer cells on Day 5 that correlates to proliferation is
calculated by multiplying the number of cells counted in the
rectangle by 20.

Quantification of angiogenesis from mesometrium
tissues with bioprinted breast cancer cells

ImageJ was used to quantify the microvascular re-
modeling of mesometrium tissues that had bioprinted breast
cancer cells after a 5-day ex vivo culture. This quantification
analysis was blinded. Montages of whole tissues allowed to
quantify the total number of capillary sprouts, vascular
segments, and vascular islands of the entire tissue. The
obtained numbers were normalized with the total vascular
length. These numbers were obtained using the Cell Count
plug-in, whereas the length was measured using the seg-
mented line to trace all the vasculature. The ratio of pixel
per mm, according to the camera and objective, was applied
to the images to acquire the correct vascular length. To
ensure consistency and reproducibility while analyzing data,
we clearly defined all that was quantified. A capillary sprout
was defined as a blind-ended segment with only one side
being connected to the network. A vascular segment was
defined as a connection between two nodes within the mi-
crovascular network where capillary sprouts were not
counted as vascular segments but vascular islands were
counted as a vascular segment. A vascular island was de-
fined as disconnected vascular segments that is not part of
the main microvascular network, which could contain cap-
illary sprouts. Finally, vascular length was defined as the
length of all microvascular networks that excluded capillary
sprouts but included vascular islands.

Immunohistochemistry

Mouse mesometrium tissues were spread on microscope
slides to be fixed in 100% methanol at -20�C for 30 min and
then washed three times with cold PBS +0.1% saponin for
10 min each wash. The fixed tissues were then labeled with
the following antibodies: 1:200 rat anti-mouse platelet en-
dothelial cell adhesion molecule (PECAM; BD Biosciences)
with 1:500 streptavidin-CY3 (Strep-CY3; Jackson Im-
munoResearch Laboratories) secondary and 1:100 FITC-
conjugated E-Cadherin (E-Cadherin; BD Biosciences). All
antibodies were diluted in antibody buffer solution, which
contained PBS +0.1% saponin +2% BSA +5% NGS. All
primary and secondary antibodies were incubated for 1 h at
room temperature in the dark. After every antibody incu-
bation, tissues were rinsed three times with cold PBS +0.1%
saponin for 10 min.

Microscopy

Images were taken with a 4 · , 10 · , and 20 · oil objec-
tives from an inverted microscope, Nikon Eclipse Ti2,
paired with an Andor Zyla camera. Time-lapse images of
the DiI-positive cells during culture were imaged with a
4 · and 10 · objective. Whole tissue images with PECAM
and E-Cadherin labeling were acquired with a 10 · objective
to extrapolate cancer cell motility and proliferation along
with microvascular remodeling.

Statistical analysis

Data are presented as mean – standard error of mean
(SEM). Proliferation and motility of cancer cells were

FIG. 1. Schematic of bioprinting exogenous cells onto
live, ex vivo tissue. The inkjet system comprises a
120 mm ABL piezoelectric printhead whose control
module generates the voltage excitation waveform, an xy
motorized motion stage that adjusts the position of the
printhead, and a pneumatic pressure controller that en-
sures enough fluid-back pressure to maintain proper
menisci levels of cell bioink. The cells were printed on
top of the mesometrium tissue that is spread on a cell-
crown insert and inside a 100 mm Petri dish. The exci-
tation waves used for this inkjet printing system are the
following: driving voltage of –120 V, frequencies of
2 Hz, dwell/echo times of 40–45 ms, and rise and fall
times of 8–10 ms.
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compared across different culture days with repeated mea-
sures one-way Analysis of Variance (ANOVA) followed by
Tukey’s multiple comparison tests to notify differences
between the days. Proliferation and motility of cancer cells
were compared across experimental groups (NT vs. Cathe-
psin L KD, WT vs. NG2 KO) with multiple unpaired two-
tailed Student t-tests with Holm/Sidak correction to notify
the differences between the groups per culture day. Angio-
genesis and cathepsin L knockdown in vitro and in vivo
data were compared using unpaired two-tailed Student’s
t-tests with Welch’s correction. A p-value <0.05 was
considered statistically significant. All the statistical ana-
lyses were executed using GraphPad Prism version 8.4
software.

Results

Bioprinted cancer cells on live tissue is viable
and reproducible

Murine 4T1 breast cancer cells were bioprinted onto a
live mouse mesometrium tissue through an inkjet printer
that contained the cell bioink reservoir to precisely deposit
10–12 cell droplets on the middle of the tissue. A schematic
of the inkjet printer setup with the different elements needed
for this novel protocol is shown in Figure 1. Bioprinted
cancer cells that were prelabeled with DiI revealed a circular
spot of the exogenous cancer cells that adhered onto a
certain predefined location of the tissue (Fig. 2A). Time-
lapse imaging demonstrated the ability to observe the

FIG. 2. Bioprinting mouse breast cancer cells on live, mouse tissue is viable and reproducible. (A–F) DiI-positive cancer
cells were inkjet printed in a circular pattern (dashed circle) and time-lapse imaged for 5 consecutive days. The me-
sometrium tissue and the bioprinted cancer cells remained viable after printing on Day 0 (G–I), and after culture on Day 5
( J–L). (M, N) Cancer cells were also shown to be nucleated immediately after being bioprinted. (O–R) After 3 days in
culture, nucleated cancer cells started to form clusters, express E-Cadherin, and be proliferative (arrowheads). Proliferation
(S) and motility (T) of bioprinted cancer cells were quantified during ex vivo culture. Data are shown as the mean – SEM
and *represents p < 0.05, n = 7. Scale bars = 500mm (A–F), 250 mm (G–N), 50 mm (O–R).
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proliferation and motility of the bioprinted DiI-positive
cancer cells during 5 days in ex vivo culture (Fig. 2A–F). A
LIVE assay confirmed the viability of the bioprinted cancer
cells immediately after printing (Fig. 2G–I) and after 5 days
in ex vivo culture (Fig. 2J–L). DiI-positive cancer cells co-
localized with DAPI-positive nuclei postprinting, further
corroborating the success of cell deposition (Fig. 2M, N).
Moreover, the positive BrdU labeling after 3 days of ex vivo
culture confirmed cancer cell proliferation (Fig. 2O–R).
E-cadherin antibody identified cancer cell clusters after
3 days (Fig. 2O). All E-cadherin-positive cancer cells had
DAPI-positive nuclei, and a portion of the cells were also
BrdU-positive (Fig. 2R). The quantifications for the prolif-
eration and motility of breast cancer cells were analyzed by
counting the number of cells (Fig. 2S) and measuring the
cell area (Fig. 2T), respectively. Repeated-measures one-
way ANOVA revealed a significant difference between all
days for the number of cells (Day 0: 159 – 41, Day 1:
370 – 78, Day 2: 889 – 184, Day 5: 18,031 – 1696; p < 0.05;
n = 7) and the cell area (Day 0: 0.72 – 0.19 mm2, Day 1:
1.89 – 0.33 mm2, Day 2: 2.92 – 0.44 mm2, Day 5: 5.93 –
0.75 mm2; p < 0.05; n = 7) confirming the proliferation and
motility of the bioprinted cancer cells on the mesometrium
tissue. Hence, the data from Figure 2 verify that the exog-
enous cancer cells that are bioprinted onto live mouse tis-
sues remain viable, are proliferative and migrate away from
their initial position.

Cathepsin L is important for invasion and tumor
progression in cancer

Previous studies have identified cathepsin L as a major
regulator of the metastatic phenotype.23–25 Before bioprint-
ing cathepsin L knockdown cancer cells on murine tissues,
we carried out in vitro and in vivo studies to verify the
functional effects of inhibiting cathepsin L expression in
cancer cells. With this rational, murine 4T1 breast cancer
cells that stably express either nontarget or cathepsin L
shRNA were generated. Immunoblot of whole cell lysates
revealed that cathepsin L was successfully knockdown using
an independent cathepsin L-targeting shRNA compared with
the nontarget control (Fig. 3A). Under normal in vitro culture
conditions, cathepsin L knockdown cells proliferate at the
same rate (Fig. 3B; Day 1: NT 0.20 – 0.01, Cathepsin L KD
0.20 – 0.01, p = 0.1; Day 2: NT 0.26 – 0.03, Cathepsin L KD
0.27 – 0.03, p = 0.8; Day 3: NT 0.39 – 0.06, Cathepsin L
KD 0.52 – 0.03, p = 0.1; n = 3). When assayed for their ability
to invade through Matrigel in a transwell invasion assay,
cathepsin L knockdown cells were significantly less invasive
than the nontarget shRNA-expressing controls (Fig. 3C; NT
92.5 – 14.1, Cathepsin KD 41.7 – 8.7, p = 0.038, n = 4). Al-
together, these data suggest that cathepsin L is important for
invasion, but not for in vitro proliferation.

The role of cathepsin L on the metastatic phenotype
was also confirmed in vivo using the syngeneic BALB/c

FIG. 3. Cathepsin L is not important for in vitro proliferation in 4T1 murine breast cancer cells, but it is for in vitro
invasion and in vivo tumor progression and metastasis. (A–C) In vitro experiments using 4T1 murine breast cancer cells
indicated the importance of cathepsin L in invasion but not in cell proliferation. (A) Whole cell lysates were analyzed by
immunoblot. (B) Cells were plated at equal numbers and proliferation was assessed over time using the CCK8 reagent. (C)
Cells were plated on top of transwell inserts and allowed to invade through Matrigel for 24 h. Cells were then fixed and
stained with Crystal Violet and the number of invaded cells was counted. (D–F) In vivo experiments indicated the
importance of cathepsin L in tumor progression and metastasis. Nontarget, NT, shRNA or CTSL, KD, shRNA-expressing
cells were implanted in the mammary ducts of female BALB/c mice and (D) the number of days from time of injection until
tumors became palpable, and (E) the number of days from injection until humane endpoints were reached were quantified.
(F) Nontarget, NT, shRNA or CTSL, KD, shRNA-expressing cells were injected through the tail vein of female BALB/c
mice and the number of visible nodules per lung were quantified after 3 weeks. Data are shown as the mean – SEM and
*, **, *** represent p < 0.05, p < 0.002, p < 0.0001, respectively.
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mammary intraductal (MIND) model. Briefly, 103 4T1 cells
expressing nontarget or cathepsin L shRNA were implanted
into the left 4th mammary duct and tumor growth was
measured over time using calipers. Cathepsin L knock-
down resulted in tumors that took longer to initiate (Fig. 3D;
NT 19 – 1 days, n = 14, Cathepsin KD 22 – 1 days, n = 13,
p = 0.029) and a longer time to reach humane endpoints
(Fig. 3E; NT 26 – 1 days, n = 14, Cathepsin KD 30 – 1 days,
n = 13, p = 0.005) compared with the nontarget shRNA-
expressing tumors. Murine 4T1 cells are known to sponta-
neously metastasize to the lungs.26 As cathepsins are known
to be involved in regulating multiple aspects of the meta-
static cascade, we also assessed mice for spontaneous lung
metastasis using the MIND model. Nontarget and cathepsin
L shRNA-expressing 4T1 cells were injected into female
BALB/c mice through the tail vein. Three weeks later, lungs
were harvested and the number of visible tumor colonies
were counted. Cathepsin L knockdown resulted in reduced
number of lung nodules in this metastasis model (Fig. 3F;
NT 66.8 – 4.5, Cathepsin KD 23.7 – 2.2, p < 0.0001, n = 10).

Bioprinted cathepsin L knockdown cancer
cells on intact microvasculature have
decreased proliferation and motility

Since cathepsin L has been shown to have an effect on
tumor progression and metastasis, we tested the impact of
cathepsin L during ex vivo culture when murine 4T1 ca-
thepsin L knockdown breast cancer cells were bioprinted
on a tissue containing intact microvasculature in its native

physiology. DiI-positive nontarget (Fig. 4A–C) and ca-
thepsin L knockdown (Fig. 4D–F) cancer cells were bio-
printed on mesometrium tissues and time lapsed to assess
the proliferation and motility of the two types of cells on
a microenvironment that has microvascular networks. The
quantification for the number of cells (Fig. 4G) and cell area
(Fig. 4H) during the different time points of ex vivo culture
were significantly different between the two groups after
Day 1. Nontarget and cathepsin L knockdown groups were
significantly different on Day 2 and Day 5 for the number of
cells (Day 2: NT 889 – 184, Cathepsin L KD 309 – 42,
p = 0.028; Day 5: NT 18,031 – 1696, Cathepsin L KD 7060 –
1043, p = 0.0005; n = 7) and the cell area (Day 2: NT
2.92 – 0.44 mm2, Cathepsin L KD 1.46 – 0.21 mm2, p =
0.033; Day 5: NT 5.93 – 0.75 mm2, Cathepsin L KD 2.42 –
0.45 mm2, p = 0.008; n = 7). These data suggest that cathep-
sin L knockdown cancer cells have a decreased proliferation
and motility compared with nontarget cells when cultured
after 1 day in a physiologically relevant ex vivo tissue.

Bioprinted cancer cells on NG2 knockout tissue with
intact microvasculature have decreased proliferation
and motility

To demonstrate the applicability of the model for inves-
tigating the effect of microenvironment alterations on cancer
cell dynamics, we bioprinted murine 4T1 breast cancer cells
on mesometrium tissues from wild-type (Fig. 5A–C) or NG2
knockout (Fig. 5D–F) mice. Time-lapse images of the DiI-
positive cancer cells bioprinted on both tissue types were

FIG. 4. Cathepsin L
knockdown in breast cancer
cells decrease proliferation
and motility during ex vivo
culture. Prelabeled DiI non-
target, NT (A–C), or cathep-
sin L knockdown, KD (D–F),
4T1 murine breast cancer
cells were bioprinted on me-
sometrium tissues containing
intact microvasculature with
its native physiology. Pro-
liferation (G) and motility
(H) of bioprinted nontarget
(black circle symbol) and
cathepsin L knockdown (blue
triangle symbol) cancer cells
on mesometrium tissues were
quantified during ex vivo
culture. Data are shown as
the mean – SEM and * rep-
resents p < 0.05, n = 7. Scale
bars = 500 mm.
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analyzed to identify any changes in the proliferation or
motility of the cancer cells. The quantification for the
number of cells (Fig. 5G) of both types of tissues during the
different time points of ex vivo culture was significantly
different after Day 1 (Day 2: WT 889 – 184, NG2 KO
448 – 76, p = 0.047; Day 5: WT 18,031 – 1696, NG2 KO
12,994 – 2252, p = 0.049; n = 7). Moreover, the quantifica-
tion for the cell area (Fig. 5H) of both types of tissues were
significantly different after Day 0 (Day 1: WT 1.89 –
0.33 mm2, NG2 KO 0.93 – 0.16 mm2, p = 0.049; Day 2: WT
2.92 – 0.44 mm2, NG2 KO 1.44 – 0.30 mm2, p = 0.049; Day
5: WT 5.93 – 0.75 mm2, NG2 KO 2.28 – 0.39 mm2, p =
0.004; n = 7). These data suggest that the lack of NG2 ex-
pression by cells in the host microenvironment influenced
cancer cell proliferation and motility compared with a wild-
type tissue microenvironment.

Bioprinted cancer cells have an effect on the early
stages of the angiogenic microvasculature

A key advantage of this platform is the ability to evaluate
the spatial coordination and functional relationships be-
tween the exogenous, printed cancer cells, and the micro-
vasculature. After 5 days in ex vivo culture, tissues that had
bioprinted murine 4T1 breast cancer cells were fixed and
labeled with E-cadherin and PECAM to visualize the cancer
cells and endothelial cells, respectively (Fig. 6). Observation
of the PECAM-positive blind-ended sprouts suggest that the
native microvasculature in the mesometrium tissue was
angiogenic (Fig. 6A, D). Furthermore, E-cadherin-positive

breast cancer cell clusters (Fig. 6B, E) were observed to
colocalize with high-density PECAM-positive vessel re-
gions, characteristic of an angiogenic response (Fig. 6C, F).
The changes in angiogenesis after a 5-day ex vivo culture
were quantified by counting the number of capillary sprouts,
vascular segments, and vascular islands from the sham
control (Fig. 7A–C) and the group with bioprinted breast
cancer cells (Fig. 7D–F). Although the presence of cancer
cells did not appear to have a significant effect on the
capillary sprout density (Fig. 7G; Sham 3.77 – 0.36 #/mm,
Cancer Cells 4.22 – 0.35 #/mm, p = 0.38, n = 7), or the vas-
cular segment density (Fig. 7H; Sham 7.71 – 0.93 #/mm,
Cancer Cells 11.16 – 1.37 #/mm, p = 0.061, n = 7), there was
a significant increase in the vascular island density (Fig. 7I;
Sham 0.32 – 0.08 #/mm, Cancer Cells 1.14 – 0.31 #/mm,
p = 0.036, n = 7) when compared with the sham control
suggesting a differential effect on cancer cell presence on
the angiogenic response to the culture conditions.

Cathepsin L knockdown in bioprinted cancer cells
has a negative effect on sprout and vascular densities
during angiogenesis

Since cathepsin L KD cancer cells had a decreased pro-
liferation and motility in this ex vivo model, the impact from
cathepsin L on the angiogenic microvasculature was eval-
uated next. Following the same protocol to assess angio-
genesis, wild-type mesometrium tissues that had nontarget
or cathepsin L KD cancer cells were analyzed after 5 days in
ex vivo culture. PECAM labeling identified the angiogenic

FIG. 5. Bioprinted breast
cancer cells on NG2 knock-
out tissues have decreased
proliferation and motility
during ex vivo culture. Pre-
labeled DiI 4T1 murine
breast cancer cells were bio-
printed on wild-type, WT
(A–C), or neuron-glial anti-
gen 2 knockout, NG2 KO
(D–F) mesometrium tissues
containing intact microvas-
culature with its native
physiology. Proliferation (G)
and motility (H) of bio-
printed 4T1 murine breast
cancer cells on wild-type
(black circle symbol) and
neuron-glial antigen 2
knockout (purple triangle
symbol) mesometrium tissues
were quantified during ex
vivo culture. Data are shown
as the mean – SEM and
* represents p < 0.05, n = 7.
Scale bars = 500 mm.
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microvasculature from both groups, which was indicative by
the capillary sprouts coming off vessels (Fig. 8A, B, D, E).
To analyze angiogenesis, the number of capillary sprouts
and vascular segments, which were normalized to the total
vascular length were quantified. These data revealed that
tissues with cathepsin L KD cancer cells had a significant

decrease in the capillary sprout density (Fig. 8C; NT 4.21 –
0.35 #/mm, Cathepsin L KD 2.34 – 0.35 #/mm, p = 0.0027,
n = 7), and vascular segment densities (Fig. 8F; NT 11.16 –
1.37 #/mm, Cathepsin L KD 5.44 – 0.80 #/mm, p = 0.005,
n = 7) when compared with tissues with nontarget cancer
cells.

FIG. 7. The presence of
breast cancer cells has an
effect on the early stages of
the angiogenic microvascu-
lature. Bioprinted 4T1 mu-
rine breast cancer cells onto
wild-type mesometrium tis-
sues (D–F) and sham control,
excluding cancer cells (A–C)
were cultured ex vivo for
5 days. Tissues with cells
were fixed in methanol and
labeled against PECAM to
identify endothelial cells lin-
ing the microvasculature.
Both groups were angiogenic
indicative of the capillary
sprouts (arrows), and had the
presence of vascular islands,
disconnected segments (*).
After 5 days in culture, the
number of capillary sprouts
(G), vascular segments (H),
and vascular islands (I) were
quantified for the sham con-
trol (white circle symbol) and
the bioprinted cancer cells
(black circle symbol). Data
are shown as the mean –
SEM and * represents
p < 0.05, n = 7. Scale bars =
100mm.

FIG. 6. Breast cancer cells
colocalize with the micro-
vasculature after 5 days in
ex vivo culture. Bioprinted
4T1 murine breast cancer
cells onto wild-type me-
sometrium tissues were cul-
tured ex vivo for 5 days.
Tissues with cells were fixed
in methanol and labeled
against PECAM (A, D) and
E-cadherin (B, E) to identify
endothelial cells lining the
microvasculature and cancer
cells, respectively. After 5
days, the cancer cells colo-
calized with the micro-
vasculature (C, F) which was
angiogenic indicative by the
capillary sprouts (arrows).
Scale bars = 100 mm. PE-
CAM, platelet endothelial
cell adhesion molecule.
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Discussion

The novelty of the current study is the demonstration of
cancer cell bioprinting on live, mouse tissue enabling (1) the
investigation of cancer cell migration in an intact, tissue
environment, (2) the probing of cell versus microenviron-
ment effects on cancer cell dynamics, and (3) the investi-
gation of cancer cell aggregation on microvascular network
growth. To our knowledge, this is the first tumor microen-
vironment model that incorporates exogenous cells onto live
mouse tissue through inkjet printing to better recapitulate
the complexity of real, vascularized tissue. While the du-
ration limit for our model remains to be determined, appli-
cation of our combined bioprinting and tissue culture
method can be used to investigate how cancer cells interact
with the normal microvasculature during the initial stages of
cancer progression. The novelty of our approach is appre-
ciated when compared with experiments using just endo-
thelial cells to represent vessels or the other emergent tissue
engineering techniques that interface cancer cells with rel-
evant extracellular matrix materials or perfusion systems.
Given the limitations of these models associated with sim-
plification of the stromal component and microvasculature,
we attempt to bridge the gap between current coculture
models and physiological relevance.

Our study was inspired by the work of Phamduy et al. in
2015 where they laser direct-write printed breast cancer
cells on live rat mesentery tissue.18 The contribution of our

study is the advancement of this approach utilizing a more
common inkjet method and, more impactful, the use of
mouse tissue. The bioprinting on mouse tissue now can be
leveraged to expand the types of cell versus microenviron-
ment cancer research-related questions. To this end, we
demonstrate the applications of the novel approach by
probing the effect of cathepsin L knockdown in cancer cells
and the effect of an altered tissue environment (i.e., tissues
harvested from wild-type versus NG2 knockout mice).

We foresee the potential that this novel methodology can
have based on its real tissue microenvironment, precise
incorporation of any kind of cell type, and ability to ma-
nipulate the host environment. Recently, biomimetic models
are becoming common in vitro models for cancer research,
such as microfluidic devices and bioprinting fabrication.
Haessler et al. used a microfluidic device to highlight the
impact that interstitial flow has on cancer cell migration
responses from various breast cancer cell subpopulations.9

Intravasation and extravasation of tumor cells have also
been investigated using microfluidic assays.8,27,28 Most re-
cently, Kamm and colleagues developed a microfluidic that
comprised a 3D microvasculature to study how hypoxia
affects the extravasation of breast cancer cells.10 Another
recent study created a microfluidic model to investigate the
effects under various metabolic starvation gradients.11 Uti-
lizing bioprinting techniques to create biomimetic models
for cancer research has also recently seen rapid advance-
ments. Bioprinting has allowed the development of many

FIG. 8. Cathepsin L in breast cancer cells has a direct effect on capillary sprouts and vascular densities in the micro-
vasculature during angiogenesis. Bioprinted nontarget, NT, (A, B) or cathepsin L knockdown, KD, (D, E) 4T1 murine
breast cancer cells onto wild-type mesometrium tissues were cultured ex vivo for 5 days. Tissues with cells were fixed in
methanol and labeled against PECAM to identify endothelial cells lining the microvasculature. Both groups were angio-
genic indicative of the capillary sprouts (arrows). After 5 days in culture, the number of capillary sprouts (C) and vascular
segments (F) were quantified for the nontarget cancer cells (black circle symbol) and the cathepsin L KD cancer cells (blue
triangle symbol). Data are shown as the mean – SEM and * represents p < 0.05, n = 7. Scale bars = 100 mm.
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different 3D cancer-type in vitro models like ovarian can-
cer,29 glioblastoma,17 and breast cancer.30 Most recently,
Langer et al. 3D bioprinted an architecturally defined,
multicell, and scaffold-free tissue that recapitulated a human
primary tumor that is capable of investigating heterogeneity
in therapeutic response, signaling and migration.16

Our model aims to become an intermediate model be-
tween in vitro and in vivo studies. The mouse mesometrium
culture model utilized in this study is an ex vivo model that
has many beneficial characteristics and capabilities: (1)
containing intact microvascular networks with identifiable
arterioles, venules, and capillaries, (2) containing perivas-
cular cells like smooth muscle cells and pericytes, (3) con-
taining lymphatics, peripheral nerves, and immune cells, (4)
time-lapse imaging, and (5) inducing angiogenesis.19 While
it has great advantages, limitations of the study include
the lack of perfusion in the microvessels, which is known
to regulate endothelial sprouting.31 Future experiments are
necessary to incorporate this feature, although this is a
common limitation in widely used in vitro cancer cell
models and ex vivo angiogenic models like retina explant32

and aortic ring33 assays that have advanced microvascular
dynamics knowledge. Another limitation is the lack of real
tumor/stroma microenvironment since the mesometrium
tissue is from healthy, cancer-free mice. Future experiments
are needed to observe long-term cancer cell dynamics that
would show the ability of the bioprinted cancer cells to form
tumors. The main advantages of our model versus common
in vivo models are the time-lapse capability, its simplicity,
and ease of use. The ex vivo microenvironment enables
future applications of time-specific cell tracking or cell/tis-
sue treatment studies (siRNA or pharmacology), which are
technically difficult in vivo.

A major challenge in bioprinting is the bioink selection.
This challenge is even more highlighted when attempting
to print on live tissues, as patterning, cell viability, and
tissue (i.e., substrate) viability are real issues. In our study,
we address this challenge by showing that the use of an
alginate-based viscous cellular bioink enables printing of
a reproducible cell cluster pattern without tissue death or
printing tip clogging. For accurate deposition of cell bioinks,
the droplet-on-demand (DOD) dispensing mechanism sys-
tems are generally preferred to produce finer features with
better resolution than others based on extrusion meth-
ods.34 The main DOD bioprinting approaches include laser-
induced forward transfer (LIFT)35–37 and inkjetting.20,22,38

While LIFT enables the deposition of highly viscous inks
given its orifice-free nature, the droplet formation process is
generally difficult to be controlled precisely.39 Therefore,
to obtain repetitive and accurate deposition results, inkjet
printing was chosen for this study; a simple schematic of the
methodology is shown in Figure 1. Since inkjet printing is
preferred for low-viscosity inks, the bioink utilized in this
study was a low concentration of alginate-based cell bio-
ink. The ink was carefully chosen because the rheological
properties of the deposited cell bioink are crucial factors that
determine the extent of the spreading degree of the depos-
ited material on the receiving substrate. As such, sodium
alginate, a widely utilized biomaterial,40 was chosen as a
biocompatible rheology modifier to increase the viscosity of
the ink ensuring a good postprinting pattern preservation.
The issue of the bioink is an important one, as initial trials

with a lower viscosity media resulted in lack of patterning
control due to fluid dispersion over the tissue. The use of
two other bioinks were attempted without success or effi-
ciency (data not shown). We first tried cell media (MEM
+1% PS +10% FBS) alone as the bioink. After printing the
cell pattern, the tissue with cells was placed in the incubator
for 10 min, then a thin layer of media (MEM +1% PS) was
added on top of the tissue and incubated for another 10 min
to allow the cells to fully adhere before platting. Although
the cell pattern was maintained, the tissue was not viable.
Even incubating the tissue with cells for 3 min postprinting,
instead of 10 min, did not maintain the tissue alive. When
the tissue with cells were subjected to 10 or 3 min in the
incubator postprinting, only the cells were LIVE-positive,
but most of the surrounding tissue (70–100%) did not label
for LIVE. The only way to keep the tissue alive was to add
media on top of it immediately after printing. The downfall
of that was that the pattern was lost. Therefore, we decided
to try a more viscous bioink in an attempt to maintain the
cell pattern and tissue viability. Collagen type I (3%) was
mixed with cell media at a 1:1 ratio to have a more viscous
ink. Although the cell pattern and tissue viability were
maintained after adding media on top of the tissue 30 or 60 s
postprinting, the jetting time was significantly reduced to
maximum 10 min due to the gelation of the collagen at room
temperature. However, the most optimal bioink was utilized
in these experiments because it preserved the cell pattern
and tissue viability. The bioink was comprised of cell media
and 2% sodium alginate with a 2:1 ratio, respectively.
Specifically, a final concentration of *0.7% (w/v) of so-
dium alginate in the cell bioink was used, which helped
preserve the printed droplet pattern after the addition of
media to the tissue while maintaining good jetting perfor-
mance of the bioink. Additionally, the incorporated exoge-
nous cells were still able to migrate and proliferate under the
presence of this low-concentration alginate solution. Our
demonstration of printing a simple pattern motivates future
studies to optimize the cell density, media, pattern, and
accuracy limits of the method.

By inkjet printing the 4T1 breast cancer cells, we suc-
cessfully deposited the exogenous cells in a circular pattern
onto the mouse mesometrium tissue (Fig. 2A). The spot
pattern was selected so that we could quantify radial cell
migration (i.e., area expansion) of the printed cells. Murine
4T1 breast cancer cells were utilized for these experiments
because this is an aggressive mammary carcinoma cell line
that is highly invasive and tumorigenic.41 These character-
istics enable the 4T1 cells to undergo the printing process
with ease due to their resilience and to be easily incorpo-
rated into the tissue. Performing a LIVE assay and showing
DAPI-positive nucleated cells, demonstrate that cancer cells
remain viable (Fig. 2G–I) and intact (Fig. 2M, N) after the
printing protocol. To further corroborate their viability, cells
were labeled with DiI before printing to allow for short-term
tracking through time-lapse imaging every 24 h. Although it
was observed that the cells were migratory and proliferative
during ex vivo culture for 5 days (Fig. 2A–F), only time-
lapse data from Day 0 until Day 2 were analyzed to quantify
the number of cells (Fig. 2S) and cell area (Fig. 2T) that
correspond to proliferation and migration, respectively. The
reason being that the particular labeling agent used, DiI, is
incorporated into the cell membrane of each cell, which
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results in a decreased expression when the cells divide and
proliferate. As the cells undergo mitosis, the daughter cells
are only able to express half of the DiI-label compared with
their parental cell and after seven generations the DiI is
no longer observable. Due to this limitation and to prevent
unreliable data, time-lapse images after Day 2 were not
quantified. However, proliferation and migration were
quantified after 5 days in culture, by fixing and labeling
tissues with E-cadherin to identify the cancer cells. Since
E-cadherin labels the adherens junctions between epithelial
cells that form clusters,42 bioprinted DiI-positive cancer
cells on Day 0 do not label for E-cadherin (data not shown).
In this ex vivo mouse tissue model, the expression of
E-cadherin from cancer cells begins on Day 2, where we
observed very small clusters, less than 10 cells (data not
shown). On Day 3, the E-cadherin-positive clusters are
larger (Fig. 2O), indicating that as time progresses cancer
cells begin to express more E-cadherin until large clusters
are observed on Day 5.

Based on confocal imaging of DAPI-positive cells,
mouse mesometrium tissues are *70–90 mm thick (data not
shown). Importantly, after initial printing, cells are able to
invade the tissue and are observed in the same focal plane
with vessels (Fig. 6). In our experience, all microvessels in
a tissue can be imaged within a single focal plane for a
10 · or 4 · objective. Thus, the view of the tissue with epi-
fluorescent imaging appears two dimensional (2D), but it
is in fact a thin, 3D model. Still, a potential limitation of
our study is the quantification of proliferation and migra-
tion based on 2D images. Cell area analysis was done us-
ing 4 · images. A single 4 · image per tissue was sufficient
to measure the cancer cell pattern area. During imaging,
focusing throughout the tissue confirmed that the images
displayed all of the cancer cells. For the cell number anal-
ysis, 10 · images were used. Images were focused on the
plane with the most cells. Despite the difference in focal
planes, identification of cells and the colocalization of DAPI-
possible nuclei was possible. An important note is that im-
ages for Day 0 were taken after printing. Over time, the cells
invade into the tissue and migrate. Thus, we did focus on
different depths for different days to make sure that the
cancer cells were being captured. Future experiments and
analysis will be needed to determine the temporal dynamics
of the migration versus invasion.

From a model design perspective, we focused on Cathe-
psin L and NG2 to verify the design functional requirements
of using the model for probing cell and environment per-
turbations. Bioprinting cathepsin L knockdown cancer cells
on wild-type mesometrium tissue support the use of our
model for probing the effects of manipulating the cell type.
Cathepsin L was selected as the target molecule because the
cysteine cathepsin family of proteases have been proven to
be implicated in cancer progression, metastasis, invasion,
and proliferation (review in ref.43). More specifically, ca-
thepsin L has been shown to be upregulated in various
malignant cancers such as breast, lung, and gastric carci-
nomas, melanomas, and gliomas.44–47 The expression levels
of cathepsin L have revealed a positive correlation with the
grade of cancer malignancy and prognosis.48,49 For our
study, cathepsin L knockdown 4T1 breast cancer cells were
engineered and immunoblot confirmed the decrease of ca-
thepsin L expression (Fig. 3A). In vitro testing confirmed

that cathepsin L knockdown decreased cell invasion
(Fig. 3C) but not proliferation (Fig. 3B), which is consis-
tent with current literature.24,50 In vivo experiments dem-
onstrated that cathepsin L knockdown impaired tumor
progression (Fig. 3D, E) and metastasis (Fig. 3F), which also
corroborates prior findings.51 Other in vivo experiments also
demonstrated that cathepsin L knockdown decreased tumor
mass (data not shown) suggesting an effect on in vivo pro-
liferation, which is consistent with a study by Gocheva et al.
This study showed that cathepsin L knockout mice had
decreased cell proliferation in tumors assessed with BrdU
labeling.51 When cathepsin L knockdown cancer cells were
bioprinted onto an ex vivo tissue containing intact micro-
vasculature with native physiology, the number of cells
(Fig. 4G) and the cell area (Fig. 4H) were significantly de-
creased compared with nontarget on Day 2 and Day 5. In-
terestingly, this validates the use of our model for evaluating
cathepsin L knockdown effects and more broadly for using
the model to probe cell changes. Also, the effects of ca-
thepsin knockdown on cell proliferation compared with the
cell-based in vitro assay suggest that our results might be
more reflective of the complex in vivo environment. More-
over, when analyzing how cathepsin L in cancer cells affects
the remodeling of the existing microvasculature, our data
revealed that tissues with cathepsin L KD cancer cells had a
significant decrease in capillary sprout and vascular segment
densities when compared with tissues with nontarget cancer
cells (Fig. 8). This finding suggests that cathepsin L has a
direct impact on angiogenesis in the host microenvironment,
which would then have an impact on tumor progression and
metastasis since both need to rapidly remodel the micro-
vasculature to succeed. Cathepsin L having a direct effect
on angiogenesis has recently been published in the litera-
ture,52–54 which verifies these results. Overall, these data
regarding cathepsin L verifies the utility of this new meth-
odology and showcases that the readouts obtained are
comparable to widely accepted in vivo data. Altogether, our
in vivo and ex vivo results closely align with one another and
with published reports, thus supporting that our ex vivo
model mimics the in vivo environment. Our results also add
new information supporting the role for cathepsin L in ini-
tial triple-negative breast cancer migration in normal tissue
environments.

To establish the use of our model for evaluating micro-
environment changes, we bioprinted 4T1 cancer cells onto
neuron-glial antigen 2 (NG2) knockout mesometrium tis-
sues. NG2, also known as chondroitin sulfate proteoglycan-
4 or melanoma chondroitin sulfate proteoglycan, is a sur-
face type I transmembrane proteoglycan that has functional
extracellular and intracellular domains, which can activate
important signaling pathways in cell migration, survival,
and angiogenesis. NG2 is expressed in a myriad type of
cells, including, but not limited to, pericytes, smooth mus-
cle cells, mesenchymal stem cells, osteoblasts, melanocytes,
and macrophages (review in ref.55). Since the mesometrium
tissue contains pericytes, smooth muscle cells, and macro-
phages,19 a global ablation of NG2 could have an impact
on cell-to-cell interactions between the host microenviron-
ment and exogenous cells. With regard to cancer, some
tumor cells express NG2, and NG2-related signaling has
been demonstrated to play a key role in tumor progression
of various cancers like brain,56 breast,57 and skin.58 In our
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model, bioprinted cancer cells on NG2 knockout tissue re-
sulted in a significantly decreased proliferation on Day 2 and
Day 5 (Fig. 5G), and decreased migration on Day 1, 2, and 5
(Fig. 5H). These results can be explained by understanding
the impact of NG2 on the stromal tissue surrounding tumors.
Stromal cells of solid tumors frequently express NG2.
Stallcup and colleagues designed elegant studies to inves-
tigate the contribution of NG2-expressing pericytes and
macrophages on the progression of brain tumors. Their re-
sults demonstrated that pericyte- and macrophage-specific
NG2 null mice had delayed brain tumor progression 10 days
after receiving an injection of melanoma cells; there was
an 87% decrease in tumor volume from macrophage-NG2
knockout mice and 77% decrease from pericyte-NG2
knockout mice compared with the control.59 These results
suggest that expression of NG2 in the microenvironment
can be essential for normal cancer cell dynamics and the
ablation of NG2 in the microenvironment would therefore
negatively impact cancer cell proliferation and migration.
While further studies are necessary to elucidate cell-specific
roles of NG2 in the host microenvironment for our studies,
our findings suggest that NG2 inhibition can play a role in
initial cancer cell migration dynamics and more broadly
support our approach for similar mechanistic studies aimed
at isolating microenvironmental contributions.

Since sustained angiogenesis is one of the hallmarks of
cancer,60 we wanted to assess the effects of cancer cells on
microvasculature remodeling after culture. After 5 days in
ex vivo culture, PECAM and E-cadherin labeling identified
capillary sprouts (Fig. 6A, D) and clustering of cancer cells
(Fig. 6B, E), respectively. Capillary sprouts are defined as
blind-ended, PECAM-positive segments that come off mi-
crovascular networks and are indicative of angiogenesis,
which is the growth of new blood vessels from pre-existing
microvessels.61 Fluorescence imaging revealed examples of
breast cancer cell clusters with the angiogenic microvascu-
lature (Fig. 6C, F). Based on a plethora of literature, it is
now widely accepted that tumor cells disrupt the balance of
pro- and anti-angiogenic signals to sustain the development
of new blood vessels into the tumor to provide oxygen and
nutrients (review in ref.62). In our model, although the an-
giogenic metrics analyzed (capillary sprout and vascular
segment density) were not significantly different between
the two groups, there was a trend where the presence of
cancer cells led to a higher mean sprout and vascular density
( p = 0.06). Important details to consider regarding the in-
terpretation of these data are the number of cancer cells, the
culture media, and the timing of the evaluation. The number
of printed cancer cells on Day 0 ranged from 25 to 353.
Additional experiments will be needed to determine whether
an increased number of cells affects the angiogenic re-
sponse. Also, the culture media for the cancer cell and
control groups contained serum, which is known to stimu-
late angiogenesis.19 An alternative control group could have
included bioprinted cancer cells in serum-free media. De-
spite these potential issues, the tissues with cancer cells
displayed a significant increase in the number of vascular
islands (Fig. 7I). Vascular islands are defined as discon-
nected, PECAM-positive segments that are not part of the
main microvascular networks. Previous work from our
laboratory has used similar metrics to characterize micro-
vascular network growth and remodeling in adult rat mes-

entery tissues.63–67 Furthermore, our laboratory also
introduced the concept of vascular island formation and
reconnection as being dynamics associated with microvas-
cular remodeling.65,68,69 Our initial characterization of the
mouse mesometrium suggests analogous structural indica-
tors of growth and remodeling (i.e., capillary sprouts, vas-
cular segment density, and the number of vascular islands).
Vascular island formation is associated with vessel dropout
and reconnection can occur during growth scenarios. While
their relative contribution to overall microvascular growth
remains to be determined, the increased vascular islands due
to the cancer cell presence suggests that the cancer cells are
having an effect on the beginning stages of microvascular
remodeling through the generation of disconnected endo-
thelial cell segments. Taken together, these data support the
observation of cancer cells with angiogenic microvascula-
ture in a real-tissue microenvironment. This further suggests
that the cancer cells are having an effect and motivates
follow-up studies to characterize the cancer cell influence of
various vessel types along a microvascular network.

Furthermore, this methodology can be applied to study
different types of cancers under various conditions because
our protocol preserves the structure and complexity of
in vivo environments for modeling early stages of tumor
development. Future studies to further validate this meth-
odology would be to utilize a transgenic mouse that contains
known cancer-related mutations to better mimic the micro-
environment. These kinds of experiments would not only
increase the clinical relevance but also would allow for
evaluating different drug treatments or biologics and their
impact on cancer cell dynamics. Cathepsin L was shown in
this study to be an important mediator of breast cancer
metastatic phenotypes. However, any number of anticancer
therapeutic targets can be assessed, either through genetic or
pharmacologic manipulation. Likewise, cell characteristics
from the host microenvironment can be evaluated as po-
tential modulators of tumorigenic phenotypes. NG2 knock-
out mesometrium was shown here to alter cancer cell
dynamics after 1 day in culture. Furthermore, mesometrium
tissue from diverse genetically modified mouse models can
be readily applied to this methodology. Also, the bioprinted
tissues can be cultured under different conditions, such as
hypoxia or different conditioned media. The mesometrium
was utilized to study multicellular microvasculature dy-
namics, but it can also be useful to further study neoplastic
cell interactions with host immune cells since the me-
sometrium also has resident, CD11b-posivite macrophages.
Additionally, other types of tissues can potentially be in-
corporated into this methodology. It is also plausible that
biopsied human tissue can be utilized for this methodology,
although it was not attempted in this study. Moreover, due to
the advantages of inkjet printing, we would also be able to
bioprint more than one cell type on the same tissue to ob-
serve their interactions with each other and the host mi-
croenvironment. For example, it would allow us to evaluate
how fibroblasts or immune cells impact cancer cell dy-
namics and microvascular remodeling. Although this model
does use mouse tissue and is currently only shown to be
cultured for 5 days, this new methodology has the potential
to further the cancer field by being able to shed light on
initial processes of cancer cell dynamics and how it interacts
with the existing microvasculature. Having the ability to
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independently, genetically manipulate the cancer cells and
the host tissue along with its time-lapse capability would
allow to specifically probe certain proteins or genes that
could identify new mechanisms in cancer progression.
These new mechanisms could also be used to investigate if
certain drug treatments could have an effect on the mech-
anisms. Overall, the future data that can be gathered and
evaluated from this methodology could lead to discoveries
of new cancer-related mechanisms, which would then ad-
vance our knowledge of cancer biology and therefore im-
prove therapeutics.

Conclusions

The current study introduces a novel methodology at the
intersection of tissue engineering and physiology. This new
demonstration of bioprinting exogenous cancer cells onto
intact mouse tissue serves to expand bioprinting applica-
tions and offers a new perspective for biomimetic model
development. Our results establish a novel methodology that
combines inkjet printing and mouse mesometrium culture
model to precisely incorporate a spot of breast cancer cells
onto live, mouse tissue to investigate cancer cell dynamics
and angiogenesis within an intact microvasculature during
culture. This study corroborates the manipulation of dif-
ferent exogenous cells and different host microenviron-
ments that impact cancer cell dynamics in a physiologically
relevant tissue. This methodology motivates a new ap-
proach for basic science studies focused on delineating the
effects of the microenvironment on cancer cells and vice
versa. The utility of bioprinting cancer cells on live mouse
tissue also enables a new platform for testing therapeutic
strategies targeting cancer cell interactions with a micro-
vascular environment.
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