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Abstract

Bone metastasis is one of the most prevalent complications of late-stage breast cancer, in which 

the native bone matrix components, including osteoblasts, are intimately involved in tumor 

progression. The development of a successful in vitro model would greatly facilitate understanding 

the underlying mechanism of breast cancer bone invasion as well as provide a tool for effective 

discovery of novel therapeutic strategies. In the current study, we fabricated a series of in vitro 
bone matrices composed of a polyethylene glycol hydrogel and nanocrystalline hydroxyapatite of 

varying concentrations to mimic the native bone microenvironment for the investigation of breast 

cancer bone metastasis. A stereolithography-based 3D printer was used to fabricate the bone 

matrices with precisely controlled architecture. The interaction between breast cancer cells and 

osteoblasts was investigated in the optimized bone matrix. Using a Transwell® system to separate 

the two cell lines, breast cancer cells inhibited osteoblast proliferation, while osteoblasts 

stimulated breast cancer cell growth, whereas, both cell lines increased IL-8 secretion. Breast 

cancer cells co-cultured with osteoblasts within the 3D bone matrix formed multi-cellular 

spheroids in comparison to 2D monolayers. These findings validate the use of our 3D printed bone 

matrices as an in vitro metastasis model, and highlights their potential for investigating breast 

cancer bone metastasis.
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1. Introduction

Late-stage breast cancer commonly invades and metastasizes within the medullary space of 

long bones. This highly invasive event involves interactions between metastatic tumor cells 

and the diverse population of normal cells which collectively support the malignancy. 

Understanding the interplay and cross-talk between breast cancer and the native bone 

microenvironment are critical for a greater understanding of metastatic cancer progression as 

well as for developing new and effective treatments. Natural bone undergoes a process of 

remodeling which involves both osteoclasts, which resorb small masses of bone tissue, as 

well as new bone formation by differentiating osteoblasts [1]. Cancer metastasis interrupts 

normal bone remodeling leading to osteolytic metastatic lesions by unregulated osteoclast 

activity [2]. Despite attempts to target and modulate osteoclast activity to slow lesion 

progression, inhibition of osteoclasts alone cannot fully halt bone loss and promote bone 

repair [3]. Equally important is the role that osteoblasts play in the metastatic process. [4]. 

When breast cancer invades bone, osteoblasts stop synthesizing proteins necessary for bone 

repair and secrete inflammatory cytokines that stimulate osteoclast activity [5]. In addition, 

breast cancer cells produce parathyroid hormone-related protein (PTHrP) [6], which 

stimulates osteoblasts to secrete receptor activator of nuclear factor kB ligand (RANKL) [7]. 

RANKL in turn enhances osteoclast activity leading to cytolysis and the release of 

transforming growth factor (TGF-β) from the bone matrix, which results in increased 

PTHrP. Additionally, several other molecules, such as vascular endothelial growth factor 

(VEGF) and insulin-like growth factors (IGFs), contribute to this complex process [8, 9].

There are some intrinsic difficulties to study the bone remodeling processes in vivo due to 

the complicated nature of bone and the extensive skeletal system [5], and therefore, it is 

essential to develop novel in vitro systems that provide a microenvironment to mimic the 

interactions between breast cancer cells and the native bone microenvironment. Present in 
vitro cancer cell culture models do not recapitulate the pathophysiological features of the 

tumor microenvironment that lead to cancer progression. Ideally, an in vitro model must 

retain the biological complexity of the native system to assure it is a reasonable surrogate for 

natural bone. Toward this end, three-dimensional (3D) tissue engineered models have been 

extensively investigated with the aim of offering in vitro systems that provide experimental 

flexibility while maintaining biological complexity [10] [11]. In 3D models, cells exhibit 

traits more similar to those expressed in vivo in comparison to their two-dimensional (2D) 

counterparts [12, 13].

Native bone tissue is a nanocomposite composed of a soft hydrogel template and the 

inorganic mineral nanocrystalline hydroxyapatite (nHA) [14]. For the development of our 

bone matrices, nHA was incorporated into a polyethylene glycol (PEG)-based hydrogel in 

order to mimic the structure of natural bone. To accurately control the architecture of our 

bone model, we employed 3D printing to allow scalability and reproducibility for the layer-

by-layer fabrication of pre-designed constructs using computer-aided designed [15]. The 

well-defined geometry of such 3D cancer cell models makes it possible to directly 

investigate the relationship of structure to cellular function and gene expression [16]. In the 

present study, we investigated the interaction between breast cancer cell and osteoblasts on 
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their proliferation, morphology and cytokine secretion in our novel 3D printed bone 

matrices.

2. Experimental

2.1 Preparation and characterization of 3D printed bone matrices

Fig. 1 summarizes the fabrication and use of our 3D matrix as well as validation of its 

efficacy. 3D models with a square pore pattern were designed by computer-aided design 

(CAD) and printed with a table-top stereolithography-based 3D bioprinter. The printer was 

developed based on the existing rapid prototyping platform (Printrbot®). It includes a 

movable stage, a fiber optic-coupled solid-state UV laser, and an X-Y toolhead for motion. 

Photocross-linked hydrogel solutions were prepared by blending 60 % (w/w) polyethylene 

glycol-diacrylate (PEG-DA, Mn=700, Sigma-Aldrich), 40 % (w/w) PEG (Mn=300, Sigma-

Aldrich) and 0.5 % (w/w) Irgacure 819 as photoinitiator. nHA containing matrices were 

fabricated by dispersing nHA into the hydrogel solution at concentrations of 2%, 5% and 

10% (w/w) of PEG-DA. The synthesis of nHA was detailed in our previous study [17]. A 

355 nm ultraviolet (UV) laser was used to crosslink all hydrogel matrices. Matrix was 

printed as three layers with 400 μm each layer. Matrix morphology was examined by 

scanning electron microscopy (SEM, Zeiss NVision 40 FIB) after gold coating. In addition, 

compressive testing was conducted using an electromechanical universal tester equipped 

with a 100 N load cell (MTS Corporation, US). The cross-head speed was set as 2 mm/min 

and test was performed under ambient condition.

2.2 Cells culture, adhesion and proliferation study on various matrices

Metastatic breast cancer cell line MDA-MB-231 was obtained from the ATCC and used to 

evaluate the printed bone matrices. MDA-MB-231 cells were cultured in Dulbecco’s-

modified Eagle’s medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum 

and 1% (v/v) penicillin-streptomycin. Human fetal osteoblast cell line hFOB (ATCC) was 

cultured in a 1:1 mixture of Ham’s F12 Medium:Dulbecco’s Modified Eagle’s Medium 

(Lonza) containing 2.5 mM L-glutamine and 10% fetal bovine serum. hFOB cell 

experiments were performed using passages 4–8. All cells were incubated at 37 °C in an 

atmosphere of 5 % CO2.

Printed matrices for cell studies were obtained using a 12 mm circular punch. Cell adhesion 

was performed by seeding MDA-MB 231 cells at a density of 1×105 cells/sample and 

cultured under standard culture conditions for 4 h. Cell number was then assessed by 

CellTiter 96® AQueous One Solution cell proliferation assay (MTS assay, Promega). 

Briefly, at predetermined time points, samples were transferred to a fresh well plate. Cells 

were trypsinized and mixed with MTS, and after 1 h of incubation, absorbance of each 

sample was measured spectrophotometrically at 490 nm with a scanning multi-well 

spectrophotometer. For MDA-MB-231 cell proliferation, cells were also seeded at a density 

of 1×105 cells/sample onto the matrices containing varying nHA concentrations, and grown 

for 1, 3 and 5 days. Cell number was quantified with MTS assay as well.
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2.3 Immunofluorescence analysis

MDA-MB-231 cells were cultured at a density of 1×105 per matrix for up to 5 days. At day 

1, 3 and 5, samples were transferred into a new well-plate after PBS washing, MDA-

MB-231 cells were fixed in 10% formaldehyde for 15 min followed by washing in 

phosphate buffered saline. Cells were then permeabilized with 0.1% Triton X-100 for 5 min 

at room temperature. The actin cytoskeleton was stained with Texas Red-X phalloidin (Life 

Technologies) for 40 min, and DNA was stained with DAPI (2-(4-Amidinophenyl)-6-

indolecarbamidine dihydrochloride, Sigma-Aldrich) for 10 min, and visualized using a laser 

scanning confocal microscope (ZEISS LSM 710).

2.4 Indirect co-culture of MDA-MB-231 and hFOB cells

In order to investigate the interaction between MDA-MB-231 and hFOB cells proliferation, 

we utilized a 12-well Transwell® co-culture system. Circular printed matrices measuring 12 

mm and 22 mm in diameter (all samples perfectly fit the upper and lower wells), were 

placed in the upper chamber (12 mm in diameter, 0.4 μm pore size, Sigma-Aldrich) and 

lower well, respectively. Due to the fragility of the membrane in the upper chamber, we 

quantified cell number in the lower chamber for four groups. Specifically, to measure the 

influence of co-culture on MDA-MB-231 cell proliferation, hFOB cells were seeded on the 

printed bone matrices in the upper well, and MDA-MB-231 cells were seeded on the matrix 

in the lower well (Fig. 5A, group 1). Cell culture of MDA-MB-231 alone was selected as 

control (Fig. 5A, group 2), and MDA-MB-231 cell number was determined in both lower 

chambers (group 1 and 2) after removing the upper well. Similarly, hFOB cell number was 

measured in the lower wells (Fig. 5B, groups 3 and 4). MDA-MB-231 and/or hFOB cells 

were seeded in the upper and lower wells at a density of 1×105 per sample. After 1, 3 and 5 

days culture, cell number was quantified by the MTS assay.

2.5 Cytokine analysis

Cytokine secretion from MDA-MB-231 and hFOB cells in the Transwell® system was 

analyzed using conditioned medium. MDA-MB-231 and hFOB cells were co-cultured in the 

Transwell® system for 24 h at a cell density of 5×105 per matrix. hFOB cells were seeded 

on the matrix in the lower well, and MDA-MB-231 cells were seeded on the matrix in the 

upper well. After 24 h, the Transwell was removed and hFOB cells in the lower well were 

transferred to fresh plates. After rinsing with PBS, hFOB cells were incubated in serum-free 

DMEM/F12 medium for another 24 h. For similar experiments using MDA-MB-231 cells, 

serum-free DMEM medium was used. Conditioned media was then collected, centrifuged to 

remove cellular debris, and IL-8 was quantified using a human IL-8 ELISA Kit (Boster 

Biological Technology) per the manufacturer’s instructions. Total protein was measured 

using a protein assay kit (Thermo-Scientific) and IL-8 levels were normalized to total 

protein.

2.6 Co-culture of MDA-MB-231 and hFOB cells

To study the effects of osteoblasts on breast cancer cell morphology, hFOB and MDA-

MB-231 cells were directly co-cultured on the bone matrix. Prior to seeding, MDA-MB-231 

and hFOB cells were pre-labeled with CellTracker Orange (Life Technologies) and 
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CellTracker Green (Life Technologies), respectively, per the manufacturer’s instruction, and 

5×105 hFOB and 5×105 MDA-MB-231 cells were co-cultured for 7 days. On days 1, 3, 5 

and 7, cells were fixed with 10 % formaldehyde for 15 min and imaged by confocal 

microscopy.

2.7 Statistical analysis

Statistical analysis was carried out using one-way ANOVA and Student’s t-test. For 

quantitative experiments, data are presented as mean ± standard deviation; sample size is 

greater than or equal to 5. Statistical significance was defined as p<0.05 in all analyses.

3. Results

3.1 Porous structure of printed bone matrices

Stereolithography-based 3D printing permits the fabrication of porous constructs with well-

defined architecture and integrated nanomaterials. SEM micrographs (Fig. 2) show that the 

addition of nHA did not affect printing resolution as illustrated by the similar pore size 

amongst the various matrices. All printed matrices had a clearly defined square pattern and 

nHA was well dispersed within the entire matrix at all concentrations. Stiffness of printed 

matrices increased as a function of nHA concentration. A 127% increase in compressive 

modulus was found in 10% nHA containing matrix when compared to the matrix without 

nHA.

3.2 Improved MDA-MB-231 cell growth on nHA-containing matrices

The adhesion and proliferation of MDA-MB-231 cells on the matrices with varying nHA 

concentration was next determined (Fig. 3). There is no significant difference on 4 h 

adhesion amongst the 3D printed matrices with increasing nHA concentration (Fig 3A). 

When compared to matrices containing PEG-DA hydrogel alone, cellular proliferation after 

3 days was significantly higher on matrices containing nHA, especially at 10% nHA. After 5 

days, cell proliferation on 2%, 5% and 10% nHA-containing matrices was increased by 

63%, 69% and 87%, respectively vs. PEG-DA alone (Fig 3B).

To further evaluate the effectiveness of our matrix, confocal microscopy was used to assess 

cell spreading, proliferation and actin development on matrices as a function of nHA 

concentration (Fig. 4). After one day in culture, MDA-MB-231 attached upon the 3D printed 

matrices displaying good actin expression. An evident increase in cell number with time was 

observed amongst all groups. These findings indicate that the nHA-containing PEG-based 

hydrogel matrix provides a biocompatible and supportive microenvironment for breast 

cancer cell attachment and proliferation.

3.3 Crosstalk between MDA-MB-231 and hFOB cells

Using the Transwell cell culture system, MDA-MB-231 cells were cultured on the 10% nHA 

matrix in the lower well and hFOB cells in the upper well to allow for the exchange of 

medium and secreted cytokines while physically separating the two cell lines. As a control, 

MDA-MB-231 cells were grown in the absence of hFOB cells. MDA-MB-231 cells grown 

in the presence of hFOB cells exhibited a significant increase in proliferation after 3 and 5 
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days (Fig. 5A). When the converse was tested, MDA-MBA-231 cells reduced the 

proliferation of hFOB cells (Fig. 5B).

3.4. Crosstalk between MDA-MB-231 and hFOB cells increases cytokine secretion

To investigate osteoblast cell function, IL-8 was analyzed in the Transwell system and in 

monolayer cultures. After 24 h, hFOB cells produced a 3-fold greater amount of IL-8 in the 

presence of MDA-MB-231 cells in comparison to hFOB monolayers (Fig. 6A). Similarly, 

IL-8 production from MDA-MB-231 also increased when grown in the presence of hFOB 

cells (Fig. 6B).

3.5. Cellular organization in a 3D matrix vs. monolayer culture

2D cell culture-based tumor models have been used extensively in preclinical drug discovery 

for several decades [18], although they serve as poor predictive models of clinical success. 

In contrast, the use of 3D cancer cell spheroid cultures may be more representative of tumor-

initiating cells and serve as a more effective tool for drug screening [13]. Multicellular 

spheroids closely resemble the natural tumor structure in vivo. Therefore, several approaches 

have been explored to obtain a suitable tumor spheroid model. With this in mind, MDA-

MB-231 and hFOB cells were co-cultured on the matrix to measure their capacity for 

spheroid formation. Notably, cells grown on printed matrices were morphologically 

spherical and actively aggregated even at early culture time points (Fig. 7). Cells grown on 

2D surface, by contrast, formed flat monolayered structures without any spherical 

morphology after 7 days. In the 2D culture system, MDA-MB-231 cells exhibited apparent 

inhibition of hFOB cell growth and development. MDA-MB-231 cells were dominant (red 

signal in Fig. 7) in the monolayer culture at day 5 as illustrated by confocal microscopy. 

There was almost no hFOB cells evident after 7 days. This phenomenon is partially ascribed 

to a faster rate of proliferation for MDA-MB-231 cells. On the other hand, the cytokines 

secreted from MDA-MB-231 cells also contributed to the limited growth of hFOB cells. In 

the printed bone matrix, two types of cells formed small and compact spheroids with a 

diameter of ~100 μm at day 7. Additionally, the matrix showed less cellular inhibition to 

hFOB cells after 7 days co-culture.

4. Discussion

Animal and monolayer cell culture models have been extensively used over the last two 

decades to study cancer cell growth and to identify new anticancer agents [19]. Animal 

models provide a physiological environment resembling human conditions, but they are 

expensive, labor intensive and when used for human tumor xenografts, lack an intact 

immune system. Monolayer cultures also have limitations, including lack of spheroidal 

morphology and aberrant integrin signaling [20, 21]. In contrast, 3D culture systems 

composed of more than one cell type permit a more biomimetic microenvironment [22, 23]. 

In this study, we developed an artificial bone matrix using stereolithography-based 3D 

printing, which generated a biomimetic environment sufficient for studying the interaction 

between breast cancer cells and osteoblasts.
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The matrix contained nHA, the calcium phosphate found in mature bones, which plays an 

active role in amplifying the progression of breast cancer metastases to bone [24, 25]. 

Addition of nHA to the bone matrix increased the proliferation rate of breast cancer cells in 

a concentration-dependent manner, which was attributed in part to the mitogenic effect of 

nHA [26]. Pathi et al found that nHA can modulate protein adsorption which may directly 

contribute to improved cell proliferation [24]. Adsorbed RGD-containing proteins may be 

involved in this effect as these proteins have been shown to regulate proliferative signaling 

pathway [27]. Additionally, the upregulation of matrix metalloproteinases by nHA, such as 

MMP-2, -9, and -13, in breast cancer cells, may have contributed to this effect [26]. 

Therefore, nHA was incorporated into the matrix to maximize mimicking the physiological 

complexity of native bone.

Human breast cancer cells co-cultured with hFOB cells on the matrix directly affected the 

morphology, proliferation rate, and cytokine secretion of osteoblasts. IL-8 secretion by 

osteoblasts was enhanced in the presence of MDA-MB-231 cells. IL-8 (Cxcl8) is a 

multifunctional pro-inflammatory chemokine that inhibits bone alkaline phosphatase 

expression, decreases normal bone resorption, and increases osteoclast motility at new 

resorption sites [28, 29]. IL-8 is highly expressed in breast cancer and contributes to 

angiogenesis and invasion during tumorigenesis [30]. Kinder et al. found that conditioned 

media from metastatic breast cancer cells could induce osteoblast cells to express increased 

levels of IL-8 [31]. Similar osteoblast behavior was seen in our 3D matrix system (Fig. 6), 

where in addition, we found that osteoblasts stimulated breast cancer cell IL-8 secretion. As 

reported by Fong et al., osteoblast conditioned medium is able to activate an IL-8 promoter 

in human breast cancer resulting in increased IL-8 transcription and protein synthesis [32]. 

Therefore, our matrix provides a biomimetic microenvironment for both osteoblasts and 

breast cancer cells that allows them to interact physiologically.

Cancer invasion to bone is associated with osteoblast recruitment, which in turn enhances 

tumor growth [33]. Traditional monolayer cell culture fails to mimic the multicellular 

spheroid structure due to the strong physical contact between cells and 2D substrate [21]. In 

contrast, the addition of a third culture dimension promotes cellular spheroid formation, 

which is considered to have increased tumor-initiating potential [34]. Since tumors are 

composed of many cell populations, the formation of multicellular spheroids in the matrix 

may more closely approximate the tumor microenvironment [35].

5. Conclusions

Stereolithography-based 3D printing is capable of fabricating artificial bone matrices using 

natural bone nanomaterial with well-defined architecture. The matrix was capable of hosting 

breast cancer cells and osteoblasts and stimulating cell proliferation and cytokine secretion 

as multi-cellular spheroids. Therefore, these matrices should be useful for examining 

biological processes associated with bone metastasis.
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Figure 1. 
A schematic illustration of 3D printed bone matrix fabrication and validation.
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Figure 2. 
SEM images of printed bone matrices. A, Control without nHA or with B, 2 % nHA, C, 5 % 

nHA and D, 10 % nHA. (E) Young’s modulus of various matrices. Data are presented as 

mean ± standard deviation; n=3; *p<0.05.
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Figure 3. 
The (A) adhesion and (B) proliferation of MDA-MB-231 cells on matrices of varying nHA 

concentration. Data are presented as mean ± standard deviation; N=9; &, p<0.05 vs. control 

at day 3; *, p<0.05 vs. control at day 5.
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Figure 4. 
Confocal microscopy of MDA-MB-231 cells on matrices with varying nHA concentrations 

after incubation for 1, 3, and 5 days. Cells were stained for actin using Texas Red-X 

phalloidin (red) and for DNA using DAPI (blue).
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Figure 5. 
The influence of co-cultured MDA-MB-231 and hFOB cells on proliferation. Illustration of 

the Transwell® culture system. Co-culture of MDA-MB-231 and hFOB cells (A) enhanced 

MDA-MB-231 proliferation, whereas, hFOB cell proliferation was reduced (B) in 

comparison to monolayer culture. Data are presented as mean ± standard deviation; N=9; *, 

p<0.05. All cell proliferation data were collected from the cells on the bottom chamber.
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Figure 6. 
Increased IL-8 production by hFOB (A) and MDA-MB-231 (B) in the Transwell culture 

system. Data are presented as mean ± standard deviation; N=5; *, p<0.05.
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Figure 7. 
Enhanced spheroid formation by direct co-culture of hFOB and MDA-MB-231 cells on the 

3D matrix in comparison to monolayer culture. hFOB and MDA-MB-231 were pre-stained 

with cell tracker green and red, respectively, prior to cell seeding.
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