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Abstract

3D human cancer models provide a better platform for drug efficacy studies than conventional 2D 

culture, since they recapitulate important aspects of the in vivo microenvironment. While 

biofabrication has advanced model creation, bioprinting generally involves extruding individual 

cells in a bioink and then waiting for these cells to self-assemble into a hierarchical 3D tissue. This 

self-assembly is time consuming and requires complex cellular interactions with other cell types, 

extracellular matrix components, and growth factors. We therefore investigated if we could 

directly bioprint pre-formed 3D spheroids in alginate-based bioinks to create a model tissue that 

could be used almost immediately. Human breast epithelial cell lines were bioprinted as individual 

cells or as pre-formed spheroids, either in monoculture or co-culture with vascular endothelial 

cells. While individual breast cells only spontaneously formed spheroids in Matrigel-based bioink, 

pre-formed breast spheroids maintained their viability, architecture, and function after bioprinting. 

Bioprinted breast spheroids were more resistant to paclitaxel than individually printed breast cells; 

however, this effect was abrogated by endothelial cell co-culture. This study shows that 3D cellular 

structure bioprinting has potential to create tissue models that quickly replicate the tumor 

microenvironment.
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1. Introduction

Physiologically relevant 3D human cancer models are needed as intermediaries between 

conventional 2D cell culture and human disease [1, 2]. For breast cancer in particular, 

healthy and cancerous breast epithelial cells cultured in 3D basement membrane-like 

matrices self-organize into spherical, polarized structures or complex ductal networks that 

resemble the in vivo tissue architecture [3–7]. 3D cancer models can incorporate many 

additional aspects of the cancer microenvironment, including heterogeneous cell types, 

varied extracellular matrix composition and mechanical properties, as well as growth factor 

and cytokine gradients [8, 9]. Since each of these factors, individually and in combination, 

has been shown to impact healthy and cancerous breast epithelial cell structure and function, 
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it is essential that drug testing occur in 3D cancer models that better recapitulate the 

physiological in vivo microenvironment [10].

Biofabrication shows great promise in creating 3D cancer models [11–13]. Bioprinting, in 

which living cells and extracellular matrix ‘bioink’ are printed together, allows tight spatial 

control over initial cell and growth factor location, which can promote formation of the 

appropriate tissue architecture [14]. A variety of natural and synthetic hydrogels, including 

Matrigel, fibrin, collagen, polyethylene glycol, alginate, and gelatin-methacrylate can be 

bioprinted and have been used to study cancer cell function and invasion [15–18]. We 

recently 3D printed Hela cells in a gelatin/alginate/fibrinogen hydrogel to create an in vitro 
cervical cancer model. The bioprinted 3D tumor cells showed a higher proliferation rate, 

greater tendency to form spheroids, increased matrix metalloproteinase expression, and 

higher chemoresistance than cells in 2D culture [19]. These outcomes were more similar to 

in vivo responses, which suggests that bioprinted 3D human cancer models may better 

predict drug efficacy than conventional 2D cell culture or animal models.

Cancer interactions with the vasculature are of particular interest. Two of the most important 

factors in cancer mortality, angiogenesis (the growth of new blood vessels from existing 

vessels) and metastasis (cancer cell escape from the primary tumor into the bloodstream), 

rely on interactions between cancer and vasculature. Many different 3D tissue models have 

been created to study how vascular endothelial cells interact with cancer cells, including co-

culture of tumor cells with endothelial cells or explanted vessels [20–22]. In some cases, 

endothelial cells are seeded within hollow channels to form a larger blood vessel and 

surrounded by a tumor cell-laden hydrogel, which then stimulates the endothelial cells to 

form a vascular network [23, 24]. We recently induced endothelial cells to form vascular 

tubes on Matrigel and then seeded pre-formed breast epithelial spheroids onto the vascular 

tubes [25]. While this model enabled the study of 3D endothelial-cancer interactions, it 

lacked consistency in spheroid location and Matrigel properties and was inherently low 

throughput due to the manual fabrication technique.

3D human cancer model biomanufacturing would enable advanced study of healthy and 

diseased cells and provide a powerful platform for drug screening [26, 27]. However, high 

throughput production of these models is limited by current biofabrication techniques. 

Currently, bioink composed of cells encapsulated within a matrix material is printed layer-

by-layer in a specific pattern which guides the cells towards self-organization into the 

desired 3D architecture that hopefully recapitulates the in vivo tissue. Unfortunately, cellular 

self-assembly may take days or weeks, may require complex spatial and temporal 

environmental cues, or may not occur when two cell types (e.g. cancer cells, endothelial 

cells) are cultured together [11, 19, 28]. Therefore, different approaches are needed in 3D 

tissue biomanufacturing.

The objective of this study was to determine if we could bioprint multicellular building 

blocks, in this case breast epithelial spheroids, in different bioinks directly into a structure 

that could be used to test a functional response almost immediately. We now demonstrate 

that bioprinted breast spheroids remain viable and maintain their architecture and polarity in 

several bio-printing-friendly alginate-based bioinks. The breast spheroids can be bioprinted 
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into a co-culture grid structure to study endothelial interactions. Finally, we show that both 

2D versus 3D breast epithelial cell architecture, as well as endothelial co-culture, alter cell 

viability in response to chemotherapy drugs. This method could decrease the time between 

bioprinting and assay from weeks to days; increase physiological relevance of in vitro cancer 

models by improving tissue architecture; and enable the use of primary human tissues with 

their stromal cells and matrix.

2. Materials and methods

2.1. Cell culture

Breast epithelial cell lines MCF10A, MCF10A-NeuN, MDA-MB-231 and MCF7 were a 

generous gift from Dr Mauricio Reginato (Drexel College of Medicine). MCF10A cells are a 

non-tumorigenic breast epithelial cell line derived from a patient with fibrocystic disease 

[29]. These cells are immortalized and do not express estrogen receptor. MCF10A cells 

polarize and organize into acinus-like spheroids with a hollow lumen when cultured on 

Matrigel. This 3D MCF10A spheroid does not represent normal breast tissue but is useful 

for dissecting cell-cell interactions in mammary glands. MCF10A-NeuN are MCF10A cells 

transfected to overexpress epidermal growth factor receptor 2 (Neu/HER2/ErbB2), which is 

commonly overexpressed in breast cancer and yields a poor prognosis [30]. These cells were 

used to study the specific effect of Neu/HER2/ErbB2 overexpression in bioprinting and the 

co-culture model. The MDA-MB-231 cell line is a triple-negative human breast cancer 

epithelial cell line lacking estrogen receptor, progesterone receptor, and epidermal growth 

factor receptor 2 [31]. MDA-MB-231 was established from the pleural effusion of a female 

patient with metastatic mammary adenocarcinoma and represents an aggressive, invasive 

and poorly differentiated breast cancer. The MCF7 cell line was also derived from the 

pleural effusion of a female patient with metastatic malignant adenocarcinoma; however, 

MCF7 cells have estrogen and progesterone receptors and are tumorigenic only with 

hormone supplementation [32]. These cell lines were selected for this study since they 

represent a spectrum of breast epithelial biology and are used in the majority of breast 

cancer studies.

MCF10A and MCF10A-NeuN cells were cultured in DMEM/F12 (Corning, Manassas,VA) 

supplemented with 5% horse serum (Invitrogen, Waltham, MA), 20 ng ml−1 epidermal 

growth factor (EGF; Peprotech, Rocky Hill, NJ), 10 μg ml−1 bovine insulin (Sigma, St. 

Louis, MO), 10 ng ml−1 cholera toxin (Enzo Life Sciences, Farmingdale, NY), 500 ng ml−1 

hydrocortisone (Sigma), and 1% penicillin-streptomycin (Invitrogen). MDA-MB-231 cells 

were cultured in DMEM (Corning) supplemented with 10% fetal bovine serum (FBS; 

Hyclone, Logan, UT) and 1% penicillin-streptomycin. MCF-7 cells were cultured in the 

same medium as MDA-MB-231 cells with 10 μg ml−1 bovine insulin (Sigma). Human 

umbilical vein endothelial cells (HUVEC, Cell Applications, San Diego, CA) were cultured 

in endothelial growth medium-2 (EGM-2; Lonza, Allendale, NJ) supplemented with 10% 

FBS and 1% penicillin-streptomycin All cells were maintained in a humidified environment 

at 37 °C and 5% CO2, with a medium change every two days. Breast epithelial cell lines 

were used up to passage 25, and HUVEC were used up to passage 9.
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2.2. 3D breast spheroid formation

To grow 3D breast spheroids, 30 μl growth factor reduced Matrigel (Corning) was added to 

each well of a Falcon 8 chamber polystyrene vessel affixed to a tissue culture treated glass 

slide (Corning) and incubated at 37 °C for 20 min to solidify the Matrigel. Breast epithelial 

cells were trypsinized and resuspended in their respective growth medium with 20% 

Matrigel, and 5000 cells were added to each chamber well. MCF10A cells formed spheroids 

in 8–10 d, whereas MCF-7, MDA-MB-231 and MCF10A-NeuN cells formed spheroids 

within 5–6 d. Medium was replaced every 4 d.

2.3. Mono- and co-culture biofabrication

A dual nozzle bio-deposition system based on a rapid prototyping platform was used for 

biofabrication. The system consists of three motion arms that allow micron-scale spatial 

control of material deposition as well as two screw driven motors that can deposit biological 

material from 10 ml syringes. This 3D printing system was functionalized with a high-

efficiency particulate air filtration system as well as UV-sterilization capabilities to maintain 

a sterile environment during bioprinting. An independent syringe heating enclosure (SunP 

Biotech LLC, Cherry Hill, NJ) was also used to control bioink temperature in the syringe.

Cells and spheroids were printed in three different bioinks: Matrigel, gelatin-alginate, and 

collagen-alginate. Matrigel is the standard biomaterial used to create 3D breast epithelial 

spheroids. However, Matrigel is difficult to work with since it gels at temperatures above 4 

°C, necessitating working quickly and keeping all components that touch the Matrigel at low 

temperature. Matrigel is also expensive and has significant batch-to-batch variability, since it 

is derived from Engelbreth-Holm-Swarm mouse sarcoma cells. We therefore determined if 

less expensive and temperature insensitive bioinks like alginate could be used to bioprint 3D 

breast epithelial spheroids. The Matrigel bioink consisted of medium with 2% (v/v) 

Matrigel. The gelatin-alginate bioink consisted of medium mixed with 10% (w/v) gelatin 

(Sigma) and 1% (w/v) sodium alginate (Sigma) in 0.9% sodium chloride (NaCl; Fisher 

Scientific). The collagen-alginate bioink consisted of medium mixed with 3% alginate and 

0.025% collagen in 0.9% NaCl.

Breast epithelial cells or vascular endothelial cells were mixed at 2 × 106 cells ml−1 in each 

bioink. Spheroid concentration was not quantified, since the spheroid size (~100 μm) was 

too large for our cell counter. Instead, spheroids were counted in low magnification phase 

contrast microscopy images after bio-printing. Bioprinted spheroid density was 120–150 

spheroids cm−2. The cell-laden bioink was drawn into a 10 ml syringe and capped with a 25 

gauge nozzle tip. The syringe was encased in a 37 °C heating element to prevent the bioink 

from gelling. For gelatin-alginate or collagen-alginate bioink, the bioink syringe was placed 

in a coaxial needle and connected to a second 10 ml syringe with 3% (w/v) calcium chloride 

(CaCl2; VWR, Radnor, PA) to enable rapid gelling of the alginate.

For preliminary experiments, 60–120 μl cell-laden bioink was microextruded at 1 ml min−1. 

After alginate-based structures were printed, 3% CaCl2 was added for 3 min to chemically 

crosslink the construct. Medium was then added to each well to cover the construct. 

Constructs were incubated at 37 °C and 5% CO2 for 24–96 h, after which they were labelled 
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and imaged by confocal microscopy. To create the interconnected co-culture system, a 10 × 

10 × 1 mm grid was fabricated from epithelial and endothelial cell-laden bioinks. Six 

intersecting layers were printed at vertical increments of 0.015 cm by forced extrusion at 3 

mm s−1 in a sterile atmosphere at 37 °C. For co-cultures, three breast epithelial cell layers 

were printed followed by three endothelial cell layers. The constructs were then immersed in 

3% CaCl2 for 3 min to completely crosslink the alginate. Each mono- or co-culture construct 

was then transferred to a 35 mm tissue culture dish in the appropriate growth medium 

containing 10 ng ml−1 EGF and 2% Matrigel.

2.4. Confocal microscopy

To prepare samples for confocal microscopy, mono- and co-cultures were fixed with 4% 

paraformaldehyde for one hour at room temperature. Samples were then blocked with 

immunofluorescence (IF) buffer (130 mM NaCl, 7 mM Na2HPO4, 3.5 mM NaH2PO4, 7.7 

mM NaN3, 0.1% bovine serum albumin (BSA; Sigma), 0.2% Triton X-100, and 0.05% 

Tween-20, pH 7.4) with 10% goat serum for 90 min (primary block), followed by 40 min 

with IF buffer plus 10% goat serum and Affinipure F(ab′)2 fragment goat anti-mouse IgG 

(115-006-020, 1:100; Jackson ImmunoResearch, West Grove, PA; secondary block). 

MCF10A and MCF10A-NeuN cell lines express integrin α6, which is important for showing 

spheroid polarization and morphology. Therefore samples from these two cell lines were 

then incubated with a primary antibody for integrin α6 (MAB1378, 1:100, Millipore, 

Billerica, MA) in secondary blocking buffer overnight at 4 °C, followed by an Alexa Fluor 

488 secondary antibody (A-11006, 1:200; Invitrogen) and Hoescht 33342 (62249, 1:1000, 

Thermo Scientific, Waltham, MA) for one hour at room temperature protected from light. 

MDA-MB-231 and MCF7 cell lines do not express high levels of integrin α6, and therefore 

these cell lines were incubated with rhodamine phalloidin (A12379, 1:200, Thermo 

Scientific, Waltham, MA) to visualize actin filaments with Hoescht 33342 overnight at 4 °C 

protected from light. After thorough washing, samples were mounted on coverslips in PBS-

Glycine. Samples were then imaged using either an LSM 700 (Zeiss, Thornwood, NY) or 

FV1000 (Olympus, Waltham, MA) confocal microscope. The images were obtained as z 

stacks of ~25 slices in 5 μm steps, and all z planes were compressed into a single plane using 

the Extended Focus command in Volocity 6.3 cell imaging software (Perkin Elmer, 

Hopkinton, MA).

2.5. Functional assays of bioprinted structures

Cell viability was assessed in bioprinted structures using a Live/Dead assay (Invitrogen) and 

resazurin (Sigma, St.Louis, MO) as per manufacturer’s instructions. For the Live/Dead 

assay, 0.5 μM calcein-AM (live cells) and 1 μM ethidium bromide (dead cells) were added to 

samples in PBS. After a 20 min incubation at room temperature, samples were imaged by 

confocal microscopy. For viability assessment in co-cultures, HUVECs and breast epithelial 

cells were distinguished in ImageJ via size and positional analysis using the particle analyzer 

plugin. Cell viability was further assessed using resazurin. Conditioned medium from 

bioprinted structures was transferred to a 96-well plate and incubated with 5% v/v resazurin 

(0.1 mg ml−1) in phenol red-free DMEM medium for two hours at 37 °C. Absorbance was 

measured in a microplate reader (Synergy H1, Biotek, VT) and data were collected at 570 

nm using the Gen5 software.
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2.6. Statistical analysis

Statistical analyses were conducted in GraphPad Prism software. All data are shown as mean 

+/− standard deviation. Two groups were compared using Student’s t-test, and multiple 

groups were compared by ANOVA with Tukey-Kramer post-hoc test. All experiments were 

conducted at least three times with three samples per experiment.

3. Results and discussion

3.1. Bioprinting individual breast cells

3D in vitro culture of breast epithelial cells better replicates many aspects of in vivo tissue 

function; however, protocols for forming 3D breast spheroids generally required Matrigel, 

which is expensive, has significant batch-to-batch variability, and is difficult to bioprint due 

to its temperature sensitivity. We therefore tested whether individual breast epithelial cells 

would form 3D spheroids when bioprinted in bioinks that are lower cost, more consistent, 

and temperature insensitive. When individual MCF10A (non-tumorigenic) and MCF10A-

NeuN, MDA-MB-231, and MCF-7 (cancerous) breast cells were extrusion printed in 

Matrigel, gelatin-alginate, or collagen-alginate-based bioinks, 81%–96% of cells were viable 

after 24 h (Live/Dead assay; representative images in figure 1(A) with quantification in 

figure 1(B)). The only bioprinted combinations that demonstrated cell viability lower than 

90% were MCF10A-NeuN cells (82.4%) and MCF7 cells (81%) in collagen-alginate bioink, 

perhaps indicating that cells with high levels of growth factor and hormone receptors are less 

viable in collagen-alginate. Overall, these data demonstrate that both non-tumorigenic and 

cancerous breast epithelial cells could effectively be printed in a variety of bioinks. 

However, after five to eight days of culture, 3D breast epithelial spheroids only formed in 

Matrigel and not the alginate-based bioinks (figure 1(C); inset shows polarized hollow 

MCF10A spheroid). Breast epithelial cells printed in either gelatin-alginate or collagen-

alginate bioinks formed a 2D monolayer. These data suggest that the prominent Matrigel 

protein laminin is a critical factor in breast epithelial spheroid formation, as described in 

previous studies [4]. Thus if 3D breast spheroids are to be incorporated into bioprinted 

structures formed of non-Matrigel bioinks, alternative bioprinting techniques are needed.

3.2. Bioprinting 3D breast spheroids

Since individual breast epithelial cells did not spontaneously form 3D spheroids when 

bioprinted in non-Matrigel bioinks, we bioprinted pre-formed spheroids in alginate-based 

bioinks and measured cell viability and spheroid morphology. When pre-formed 3D breast 

spheroids were bioprinted in Matrigel, gelatin-alginate, and collagen-alginate-based bioinks, 

82%–98% of breast epithelial cells were again viable in all of the bioinks after 24 h 

(representative confocal microscopy images in figure 2(A), quantification in figure 2(B)). 

After 48 h, breast spheroids maintained the typical morphology that was observed prior to 

bioprinting for the given cell type, irrespective of the bioink (figure 2(C); insets show 

polarized hollow MCF10A spheroids). Non-tumorigenic MCF10A breast epithelial 

spheroids displayed a hollow center, with integrin α6 polarized to the outside edge of the 

spheroid. Cancerous MCF10A-NeuN breast epithelial cell formed polarized spheroids 

without hollow centers, while cancerous MDA-MB-231 and MCF-7 breast epithelial cells 

formed irregular spheroids. We further evaluated bioprinted spheroid viability and 
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morphology over 96 h post-printing (figure 3; insets show polarized hollow MCF10A 

spheroids) as well as an additional 72 h (data not shown), for a total culture time of seven 

days. All spheroids had intact cell membranes and nuclei, indicating that viability was 

maintained in long-term culture. MCF10A and MCF10A-NeuN spheroids maintained their 

pre-printing morphology for the entire time; however, spheroids that were in close proximity 

began to join together to form megaspheroids. MDA-MB-231 and MCF-7 spheroids 

maintained their pre-printing morphology for 72 h and then started to proliferate and migrate 

out of the spheroids over the next 24–96 h. This invasive behavior is also observed in these 

spheroids when they are maintained in the original Matrigel culture without bioprinting.

These data demonstrate that pre-formed 3D breast epithelial spheroids can be bioprinted in 

various bioinks without loss of viability or morphology. Several techniques could be added 

to this method to further control spheroid size and concentration. Spheroid size could be 

controlled in self-assembled spheroids by using cell strainers, which can be sequentially 

employed to ensure that printed spheroids fall within a specific size range. Alternatively, the 

spheroids themselves could be biofabricated. Shi et al recently created controlled size 

spheroids by sparsely seeded cells and then culturing them into cell islands. The cell islands 

were then detached and shaken in media with dispase, which caused the cell sheets to curl 

and form spheroids. Spheroid size was controlled by the initial cell sheet culture time [33]. 

Spheroid concentration could be controlled either by counting spheroids after formation or 

by controlling the initial cell seeding density in the method by Shi et al While the optimal 

spheroid concentration in the 3D structure is likely dependent on the application, in this 

study we maximized spheroid density while maintaining at least 100 μm between spheroids. 

When spheroids are too close, they join together to form megaspheroids with the associated 

loss of spheroid morphology.

3.3. Breast epithelial cell co-culture with endothelial cells

Our long-term goal is to bioprint 3D breast epithelial spheroids within an endothelialized 

microvascular network to determine interactions between these two cell types in a 

physiologically relevant structure. We first tested whether individual breast epithelial cells 

and vascular endothelial cells would remain viable in 3D bioprinted culture, since 

endothelial cells died in our previous experience with 2D breast epithelial co-culture [34]. 

We therefore bioprinted HUVEC with either non-tumorigenic MCF10A or cancerous MDA-

MB-231 individual breast epithelial cells in a six layer collagen-alginate grid structure 

(figure 4(A)). These structures were already proven to have good mechanical properties and 

sustain layer-by-layer fabrication [35]. 24 h after bioprinting, 92%–99% of MCF10A and 

HUVEC and 85%–89% of MDA-MB-231 and HUVEC remained viable in both mono and 

co-cultures (figure 4(B)). We next determined if 3D breast epithelial spheroids and vascular 

endothelial cells would remain viable in the collagen-alginate grid structure. Again, we 

showed high cell viability for 3D breast spheroids and HUVECs in both mono and co-

culture, with the only viability lower than 90% being for HUVEC in the MDA-MB-231 

experiments (figure 5).
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3.4. Drug response in 2D and 3D bioprinted breast epithelial—vascular endothelial cell 
co-culture

Finally, we quantified cell viability (via resazurin and Live/Dead assay) within the 

bioprinted structures in response to paclitaxel, a chemotherapeutic agent used to treat many 

types of cancer including breast cancer. Endothelial cells bioprinted in collagen-alginate 

bioink showed decreasing viability with increasing paclitaxel concentration, as expected. 

Both MCF10A and MDA-MB-231 breast epithelial cells showed decreasing viability with 

increasing paclitaxel dose. However, breast epithelial cells printed as 3D spheroids showed 

higher viability at all paclitaxel doses, suggesting that 3D spheroids are more resistant to 

paclitaxel than individual cells. Interestingly, the paclitaxel resistance seen in 3D breast 

spheroids was abrogated when breast epithelial cells were bioprinted together with 

endothelial cells (figure 6(A)). Upon closer examination of HUVEC, MCF10A, and MDA-

MB-231 viability via the Live/Dead assay (figure 6(B)), it was clear that the majority of cell 

death, in particular at lower paclitaxel concentrations, occurred in the endothelial cells. At 

the highest paclitaxel concentration (200 nM), the majority of HUVEC were dead. While 

most of the MCF10A and MDA-MB-231 spheroids remained viable, they lost their 

morphology and began to disperse within the bioprinted structure. Therefore it is possible 

that the decrease in resazurin fluorescence at higher paclitaxel concentrations in HUVEC-

breast epithelial spheroid co-culture relates to loss of breast cell metabolic activity, rather 

than cell death.

These data now show for the first time that 3D cellular structures can be bioprinted while 

maintaining not only cell viability but also 3D architecture, polarization, and function. While 

clusters of homo- or heterogeneous cell types are often called spheroids, these spheroids are 

a cell amalgamation without a specific architecture or polarization. Bioprinting has in fact 

been used to improve both the speed and reproducibility of this type of spheroid production 

[36, 37]. The breast epithelial spheroids used in our study, in particular those derived from 

non-tumorigenic cells, show integrin α6 polarization to the outer spheroid edge and a hollow 

center both before and after printing, showing that the physical stress induced by the printing 

process did not significantly change their architecture or polarization. We also showed that 

the bioprinted spheroids remain more resistant to chemotherapeutic agents, as has been 

shown by other groups, indicating that they also retain function [38, 39]. Thus it is possible 

that other complex 3D multicellular structures, including microvessels derived from adipose 

tissue or patient derived tumor samples, could be bioprinted to explore angiogenesis or to 

create an in vitro patient derived xenograft (PDX) model.

In our study, we bioprinted the spheroids in alginate-based bioinks, which are largely inert 

other than the natural matrix proteins that we included. However, spheroids could likely be 

printed in a wide variety of bioinks, both natural and synthetic, that better replicate the in 
vivo tumor microenvironment. Many studies in recent years have shown that both 

extracellular matrix and stromal cells are critical to determining cancerous cell responses. 

The specific proteins present and their fiber alignment, together with matrix stiffness, 

density, and porosity, have been shown to impact angiogenesis, cancer cell migration and 

metastasis, and matrix metalloproteinase expression [10–12]. In addition, stromal cells such 

as fibroblasts and immune cells affect cancer cells directly via cytokine and inflammatory 
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factor release or indirectly via extracellular matrix alterations [40, 41]. In the future, breast 

cancer associated extracellular matrix proteins could be incorporated into the bioink along 

with stromal cells to provide essential biochemical and adhesive cues to the cancer 

spheroids.

We also found that using alginate as the bioink came with unintended consequences. We had 

initially proposed to measure glucose metabolism in bioprinted breast epithelial and vascular 

endothelial cell co-cultures via 13C6-glucose mass spectrometry. When we collected 

conditioned media and extracted cell lysates from the bioprinted alginate structures, the 

mass spectrometry results showed that labelled lactate and pyruvate were higher in 

bioprinted structures that included MDA-MB-231 cancerous cells in comparison to 

structures with MCF10A or endothelial cells. This is in keeping with published reports that 

cancer cells metabolize more glucose than normal cells [42]. However, total unlabeled 

pyruvate in all lysates from collagen-alginate bioprinted structures was extremely high. 

Upon further study, we discovered evidence that alginate can be degraded into pyruvate [43, 

44]. Thus alginate-based bioinks may not be suitable for in vitro metabolism studies as the 

alginate degradation products may alter the metabolic fuels available to cells.

A primary question remains for why co-cultures of vascular endothelial cells and breast 

epithelial cells abrogated the increased chemoresistance of 3D culture. Paclitaxel has been 

shown to have anti-angiogenic properties [45]. In our own work and in the literature, 

paclitaxel induces endothelial cell death at much lower doses than are required for breast 

epithelial cells. Paclitaxel downregulates important angiogenic factors like vascular 

endothelial growth factor (VEGF) and angiopoetin-1 (Ang-1), while increasing 

thrombospondin-1 (TSP-1) secretion by endothelial cells [46, 47]. TSP-1 at high doses has 

been shown to decrease breast cancer proliferation [48]. TSP-1 also may decrease breast 

epithelial cell-cell adhesion and increase invasion, which could cause spheroids to lose their 

3D architecture and thereby have similar paclitaxel sensitivity as individual cells [49].

For spheroid bioprinting to become a practical reality, spheroid production needs to be 

accelerated and optimized. One possibility would be to use microdroplet printing to create 

highly parallel spheroid production, although this technique is still limited in its throughput 

and reproducibility. Another option is to directly engineer the spheroids, with the polarized 

structure and hollow center, through other biofabrication means (e.g. detaching cell sheets 

and stimulating them to form spheroids) [33]. Alternatively, this technique could move 

directly to tumor-derived tissues, which have significant advantages over cell line based 

spheroids, in which throughput would be limited only by the tumor size.

4. Conclusion

This research shows for the first time the possibility of bioprinting multicellular breast tumor 

spheroids while maintaining spheroid structure, polarization, and function. These spheroids 

can be bioprinted into co-culture systems, which can then be used almost immediately for 

assays such as drug screening. We believe that 3D multicellular structure bioprinting has 

great potential to rapidly create tissue models that better replicate the structure and function 

of the in vivo tumor microenvironment. In the future, we plan to bioprint 3D breast cancer 
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spheroids with 3D microvessels in varied bioinks to measure metabolic interactions between 

these two cell types.
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Figure 1. 
Bioprinted breast epithelial cells only formed spheroids when printed in Matrigel bioink. 

Individual breast cells (MCF10A, MDA-MB-231, MCF10A-NeuN and MCF-7) were 

extrusion printed in three different bioinks (Matrigel, gelatin/alginate or collagen/alginate). 

(A) Representative Live/Dead images 24 h after printing (dead cells = red; live cells = 

green). Scale bar = 100 μm. (B) Quantification of live and dead cell percentages via ImageJ. 

(C) Representative confocal microscopy images of spheroid formation 5–8 d after 

bioprinting in Matrigel, gelatin/alginate or collagen/alginate (green = integrin α6, blue = 

Hoechst/nuclei and red = rhodamine phalloidin/actin). Scale bar = 50 μm; inset scale bar = 

20 μm.
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Figure 2. 
Bioprinted 3D breast epithelial spheroids remained viable with typical spheroid morphology 

for 48 h. 3D breast spheroids (non-tumorigenic MCF10A and cancerous MDA-MB-231, 

MCF10A-NeuN and MCF-7) were extrusion bioprinted in Matrigel, gelatin/alginate or 

collagen/alginate. (A) Representative Live/Dead images 24 h after bioprinting (dead cells = 

red, live cells = green). Scale bar = 100 μm. (B) Quantification of live and dead cell 

percentages (ImageJ). (C) Representative confocal microscopy images of spheroids 48 h 

after bioprinting in Matrigel, gelatin/alginate or collagen/alginate (green = integrin α6, blue 

= Hoechst/nuclei, red = rhodamine phalloidin/actin). Scale bar = 50 μm; inset scale bar = 20 

μm.
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Figure 3. 
Bioprinted 3D breast epithelial spheroids maintained typical spheroid morphology for 96 h 

in collagen/alginate bioink. 3D breast spheroids (non-tumorigenic MCF10A and cancerous 

MDA-MB-231, MCF10A-NeuN and MCF-7) were extrusion bioprinted in collagen/alginate 

bioink and then imaged by confocal microscopy (green = integrin α6, blue = Hoechst/nuclei, 

red = rhodamine phalloidin/actin). Scale bar = 50 μm; inset scale bar = 20 μm.
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Figure 4. 
Both mono- and co-cultures of vascular endothelial and individual breast epithelial cells 

remained viable after bioprinting in collagen-alginate bioink. Individual non-tumorigenic 

MCF10A or cancerous MDA-MB-231 spheroids were extrusion bioprinted in a grid with 

HUVEC collagen-alginate bioink. (A) Bioprinted grid structure used for co-culture 

experiments. Scale bar = 200 μm. (B) Confocal microscopy images of the Live/Dead assay 

(dead cells = red, live cells = green) and quantification of the live and dead cell percentages 

of both cells types in mono- and co-culture. Scale bar = 100 μm.
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Figure 5. 
3D breast epithelial spheroids remained viable when printed in a structure with endothelial 

cells. 3D non-tumorigenic MCF10A or cancerous MDA-MB-231 spheroids were extrusion 

bioprinted in a grid with HUVEC collagen-alginate bioink. Confocal microscopy images of 

the Live/Dead assay (dead cells = red, live cells = green) and quantification of the live and 

dead cell percentages of both cells types in mono- and co-culture. Scale bar = 100 μm.

Swaminathan et al. Page 17

Biofabrication. Author manuscript; available in PMC 2020 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Bioprinted 3D breast spheroids were more resistant to paclitaxel than individual cells, but 

this effect was abrogated in co-culture with endothelial cells. (A) Conditioned media from 

endothelial and breast epithelial mono- and co-cultures was incubated with resazurin 48 h 

after bioprinting, and relative absorbance was quantified in a microplate reader. # p < 0.05, 

** p < 0.001, ***p < 0.0001 for spheroids as compared to cells by ANOVA. (B) 

Representative Live/Dead images (dead cells = red, live cells = green) from co-culture 

experiments showing HUVEC, MCF10A, or MDA-MB-231 bioprinted grid areas. Scale bar 

= 100 μm.

Swaminathan et al. Page 18

Biofabrication. Author manuscript; available in PMC 2020 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Cell culture
	3D breast spheroid formation
	Mono- and co-culture biofabrication
	Confocal microscopy
	Functional assays of bioprinted structures
	Statistical analysis

	Results and discussion
	Bioprinting individual breast cells
	Bioprinting 3D breast spheroids
	Breast epithelial cell co-culture with endothelial cells
	Drug response in 2D and 3D bioprinted breast epithelial—vascular endothelial cell co-culture

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

