
Bone-on-a-chip: microfluidic technologies and microphysiologic 
models of bone tissue

Amin Mansoorifar1, Ryan Gordon2, Raymond Bergan2, Luiz E. Bertassoni1,3,4,5,*

1Department of Restorative Dentistry, School of Dentistry, Oregon Health & Science University, 
Portland, OR, USA.

2Division of Hematology/Oncology, Knight Cancer Institute, Oregon Health & Science University, 
Portland, OR, USA

3Center for Regenerative Medicine, School of Medicine, Oregon Health & Science University, 
Portland, OR, USA.

4Department of Biomedical Engineering, School of Medicine, Oregon Health & Science 
University, Portland, OR, USA.

5Cancer Early Detection Advanced Research Center (CEDAR), Knight Cancer Institute, Portland, 
OR, USA

Abstract

Bone is an active organ that continuously undergoes an orchestrated process of remodeling 

throughout life. Bone tissue is uniquely capable of adapting to loading, hormonal, and other 

changes happening in the body, as well as repairing bone that becomes damaged to maintain 

tissue integrity. On the other hand, diseases such as osteoporosis and metastatic cancers disrupt 

normal bone homeostasis leading to compromised function. Historically, our ability to investigate 

processes related to either physiologic or diseased bone tissue has been limited by traditional 

models that fail to emulate the complexity of native bone. Organ-on-a-chip models are based 

on technological advances in tissue engineering and microfluidics, enabling the reproduction of 

key features specific to tissue microenvironments within a microfabricated device. Compared 

to conventional in-vitro and in-vivo bone models, microfluidic models, and especially organs-on-

a-chip platforms, provide more biomimetic tissue culture conditions, with increased predictive 

power for clinical assays. In this review, we will report microfluidic and organ-on-a-chip 

technologies designed for understanding the biology of bone as well as bone-related diseases 

and treatments. Finally, we discuss the limitations of the current models and point toward future 

directions for microfluidics and organ-on-a-chip technologies in bone research.

Graphical Abstract

Compared to conventional in-vitro and in-vivo bone models, microfluidic models and especially 
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predictive power for clinical assays. In this progress report, microfluidic and organ-on-a-chip 

technologies designed for understanding the biology of bone as well as bone-related diseases and 

treatments will be covered.
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1. Introduction

Bone is a highly mineralized tissue that performs essential functions in the body, such as 

locomotion, soft tissue structural support, hormone regulation, and bone marrow enclosure. 
[1–3] As such, bone can be characterized as a dynamic organ that is perpetually synthesized 

and resorbed by osteoblast and osteoclast cells during growth or injury.[4, 5] Osteocytes, 

another type of bone cells, are primarily responsible for orchestrating such a complex 

remodeling process in a paracrine manner.[6] Normal bone remodeling is critical in injury 

or fracture cases, and any imbalance of this orchestrated process can lead to severe bone 

diseases.[7, 8] The most common disease caused by elevated bone resorption is osteoporosis, 

affecting one in three women over 50 years old.[7] Existing data suggests that by 2025, 

osteoporosis will cause three million fractures and an annual economic burden of $25.3 

billion.[9, 10] Another complication affecting bone tissue is due to metastatic cancer. Bone is 

the third most frequent site of metastasis and the most common metastasic site for breast, 

prostate, and lung cancer.[11] Additionally, other cancer types such as thyroid, kidney, and 

melanoma can also metastasize into bone.[11]
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Most studies investigating bone regeneration and cancer mediated bone destruction are 

conducted using conventional in-vitro two-dimensional (2D) cell culture systems or in-vivo 
animal models.[12–15] Conventional cell culture protocols provide the ability to study cell 

behavior using relatively cheap materials and simple technologies.[16] However, they lack 

the ability to replicate the 3D nature of the bone microenvironment, as well as many of 

the dynamic cell-cell and cell-matrix interactions that are necessary for physiological bone 

function.[17] On the other hand, animal models, despite providing a more physiological 

environment, lack the presence of human cells, limiting their relevance as predictive 

models of human tissue response.[18, 19] Even humanized murine cancer models fail to 

explicitly recapitulate the complex biology of the metastatic bone microenvironment.[20] 

Although many organs on a chip studies use animal cell lines, this technology allows the 

straightforward use of primary human cells, which have also been used extensively in the 

field.[21–23]

In order to overcome these difficulties, microfluidics has been proposed as a tool to 

mimic the physiological microenvironment of various tissues.[24–26] Microfluidics is a 

technology that processes or manipulates small amounts of fluids, using channels with 

dimensions ranging from tens to hundreds of micrometers.[27] Microfluidic devices 

provide opportunities such as high surface to volume ratio, presence of shear stress, 

and controllable chemical and physical gradients necessary for biological environments, 

which are inaccessible in macro-scale cell studies and uncontrollable in in-vivo studies.
[28–31] Microfluidic models can recreate the biomimetic environment by culturing different 

cell types and tuning the spatiotemporal chemical and physical gradients and mechanical 

properties of the cellular microenvironment to create the so-called organ-on-a-chip 

platforms.[32–34] Altogether, this technology represents a platform for building human 

physiological models and investigating drug discovery and toxicology research.[35–38] 

During the last decade, organs-on-a-chip platforms have been widely used to mimic the 

physiological environment of different organs such as lung,[39, 40] kidney,[41, 42] heart,[43, 44] 

intestine,[45, 46] teeth,[47] and, bone. There have been many review papers concerning the 

development of the general topic of organ-on-a-chip, as well as specific platforms devoted 

to various organ systems in the literature.[32, 37, 41, 48–51] However, due to the higher 

complexity of the bone tissue compared to other tissues, microfluidic technologies and 

especially bone-on-a-chip platforms, have not yet been reviewed. Therefore, the current 

review addresses recent developments and challenges in the field to enable more efficient 

progress toward understanding bone physiology and diseases in microfluidic systems. To 

that end, we first describe the stages of bone formation and microfluidic devices developed 

to understand key bone biological processes. These include cell proliferation, differentiation, 

and interactions between osteoblasts, osteoclasts, and osteocytes, in both healthy and 

diseased bone tissue, along with the application of microfluidics in bone regeneration 

studies. We then review the progress made in vascularization and innervation of bone-on-a-

chip organotypic model systems. We further discuss bone metastasis and the microfluidic 

devices designed to model the discrete stages of this process, as well as signaling pathways 

associated with it. Finally, we discuss the limitations of the current research and present 

insights for future directions.
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2. Microfluidics and organs-on-a-chip to study bone cell function

Bone tissue is composed of a cell-loaded mineralized matrix that is organized in a complex 

structural arrangement. The denser outer bone layer (cortical) and a spongy inner layer 

bone (trabecular) are both formed by the organization of mineralized collagen fibers, but in 

a significantly different microscale arrangement. Osteons are cylindrical features aligned 

parallel to the long axis of the bone and consist of lamellae. Lamellae are layers of 

compact matrix surrounding Haversian canals, which contain blood vessels and nerve fibers. 

Irrespective of the bone tissue type (trabecular or cortical), the presence of vasculature, 

innervation, along with resident bone cells (osteoblasts, osteoclasts, osteocytes) is what 

defines bone from a biologic standpoint. Osteoblasts are mesenchyme-derived mononuclear 

cells that form tight junctions with neighboring cells, and as they progress toward full 

differentiation from an osteoprogenitor phenotype to an osteocyte lineage, and are able 

to secrete different components of the bone matrix. Bone matrix synthesis begins with 

the secretion of osteoid tissue, followed by matrix mineralization and maturation resulting 

from complex biological processes that have been reviewed previously.[52, 53] After osteoid 

secretion, some of these specialized cells become embedded in the secreted matrix, which 

triggers their terminal differentiation into osteocytes, the most abundant cell type in bone 

tissue.[54–56] Proliferation, differentiation, and maturation of osteoblasts can be categorized 

into three main stages: (i) proliferation and extracellular collagen matrix formation, (ii) 

matrix maturation, proliferation decrease, and an increase in alkaline phosphate (ALP) 

activity, (iii) and finally a mineralization phase with a decrease in proliferation and ALP 

activity.[57, 58] In-vitro studies have shown that bone cells are responsive to various 

mechanical signals such as shear stress, hydrostatic pressure, and substrate deformation.
[12, 59–61] Specifically, shear stresses experienced by osteoblasts have been reported to 

impact biochemical factors as well as intracellular messengers and transcription factors.
[12, 62]

Microfluidic devices can facilitate the development of culture conditions that more closely 

emulate the in-vivo environment of these biological processes than conventional 2D 

cell cultures. This can be achieved by developing microdevices that allow for fluidic 

and spatially-defined control of oxygen and nutrient delivery to the cells, increasing 

concentration of metabolites and secreted factors, and controlled application of mechanical 

stimulation to cells or tissues in the device.[63] Precise flow control using a syringe pump, 

peristaltic pumps, or pressure-control systems is a key parameter in controlling the shear 

stress exerted on biological systems. For instance, a microfluidic device was developed to 

study the effects of shear stress on bone-forming cells cultured on fibrous collagen.[64] The 

device was composed of a microchamber connected to a pressure pump to induce precise 

pressure drops and flow rates to the system (Figure 1A). The results showed that MC3T3-E1 

pre-osteoblastic cells cultured on a collagenous substrate in the microfluidic device exposed 

to a flow rate of 50 μL/min (0.5 dyn/cm2 shear stress) experienced a 2.4-fold increase in cell 

proliferation compared to static conditions. However, 30 μL/min (0.3 dyn/cm2 shear stress) 

flowrate just slightly increased the proliferation without significant difference compared to 

the static culture. On the other hand, the ALP activity of the cultured cells had a 1.6-fold 

increase in 30 μL/min, whereas, in the flow rate of 50 μL/min, ALP activity was not 
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significantly increased. The differences seen in this report were attributed to the increased 

proliferation under higher flow rate due to enhanced nutrient transport, which promotes 

maturation to the later stages of the osteoblastic phenotype with decreased ALP activity.

Osteocytes use the extension of their plasma membrane to communicate with one another, 

as well as with osteoclasts.[65, 66] Osteoclasts are large multinucleated cells stimulated 

by osteocytes and osteoblasts to absorb the bone tissue during growth and remodeling.
[3] Differentiation, activation, or apoptosis of bone cells (osteoblasts, osteocytes, and 

osteoclasts) are often dependent on intracellular communication between all bone cell 

types through ligand-receptor communications and molecules and ions traveling in the 

extracellular matrix (ECM) or gap junctions.[67–69] Osteocyte mechanotransduction and 

cell regulation studies are mostly based on macroscopic scale parallel plate flow chambers 

(PPFC).[70, 71] However, due to the large size of these chambers, difficulties such as lack of 

real-time signaling, unidirectional signaling, and large number of primary osteocytes arise. 

In order to solve these problems, a microfluidic platform was developed by Middleton et 
al. to study the bone cell-cell communications at physiologically relevant distances (Figure 

1B).[72] This platform was used to investigate the role of osteocytes and osteoclasts and their 

crosstalk in pathogenic diseases of the bone, such as osteoporosis and bone metastasis. The 

microfluidic device consisted of two or three channels separated by high resistance posts 

(Figure 1B). RAW264.7 (osteoclast precursor) cells were seeded in one channel while the 

other channel had a 1 μl/min perfusion of RAW media or RAW media supplemented with 

50 ng/ml RANKL. Receptor activator of nuclear factor kappa-Β ligand (RANKL), a member 

of the tumor necrosis factor (TNF) cytokine family, is expressed by osteoblasts and results 

in recruitment of, maturation, differentiation, and activation of osteoclasts through binding 

to the RANK receptor.[73, 74] When RANKL supplemented RAW media was perfused 

into the system, cells preferentially increased density toward the RANKL source, and 

multinucleated cells began to form within 600 μm of the RANKL source (Figure 1C). After 

that, the osteoclast precursors were simultaneously exposed to mechanically-stimulated and 

non-stimulated MLO-Y4 osteocytes on both sides. The stimulated osteocytes underwent 

daily fluid shear stress of 1 Pa for 1 hour. The results showed an increased precursor 

density toward the non-stimulated channel (Figure 1D). The authors suggested that such 

an increase was due to the fact that RANKL expression is higher in non-stimulated 

MLO-Y4 cells, therefore attracting the precursors. Furthermore, TRAP+ (a marker of 

osteoclast maturation) multinucleated cells proved osteoclastogenesis within 200 μm of the 

non-stimulated channel (Figure 1D). In order to better characterize the osteoclastogenesis, 

the ratio of RANKL to osteoprotegerin (OPG) is usually used. OPG is another member 

of the TNF receptor family that interrupts the signaling between osteoblasts and osteoclast 

progenitors and acts as a decoy receptor to RANKL.[73–75] This ratio is decreased by 

mechanical stimulation leading to a poorer differentiation.[73–75] Non-stimulated osteocytes 

will undergo apoptosis, which will increase RANKL expression and decreased expression of 

OPG, which will promote osteoclast differentiation.[73–75] In another experiment, MLO-Y4 

cells exposed to mechanical stimulation were seeded in an adjacent channel containing 

either RAW264.7 cells with 10 ng/ml RANKL supplemented RAW media or MLO-Y4 

cells. The results showed a higher calcium response when osteocytes were co-cultured with 

osteoclasts compared with co-culturing with osteocytes (71 ± 14% compared to 33 ± 7%). 
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One particular factor secreted by osteoclasts that can affect osteocyte mechanosensitivity 

is sphingosine-1-phosphate (S1P).[70, 76, 77] Inhibition of sphingosine kinases in MLO-Y4 

osteocytes have been shown to decrease the percentage of responding cells undergoing 

oscillatory fluid flow in-vitro.[70]

3. Microfluidics for bone regeneration and tissue engineering

Regenerative medicine strategies, involving the combination of biomaterials/scaffolds, cells, 

and bioactive agents, have been employed extensively for bone repair and regrowth.[78] 

While the field of organs-on-a-chip has evolved to develop model systems aimed at studying 

physiologic and disease processes, microfluidics has also been utilized to accelerate the 

development of biomaterials for regenerative applications, as well as to develop miniaturized 

and high-precision bioreactors.[79–81] For instance, a simple high-throughput microfluidic 

platform was developed to study the efficacy of biomaterials aimed at accelerating wound 

healing and preventing bacterial infection (Figure 2A).[82] In the referred study, inkjet-

printed antibiotic and calcium-eluting micropatterns were formed in a microchannel for 

high-throughput studying of the beneficial effects of antibiotics on bacterial killing without 

the adverse effects on osteoblastic tissue formation, and the positive effects of biphasic 

calcium phosphate (BCP) patterns on osteogenic tissue development. The results show that 

when RFP and BCP were not used in the ink mixture, the release of live bacteria was 

detected around day 2 when the chambers were previously inoculated with S. epidermidis. 

The number of bacteria was increased exponentially by day 3 and reached a steady-state 

of 108 CFU/ml (Figure 2B). The UV/VIS results showed that the chambers become acidic 

(Figure 2B), and osteoblasts appeared unhealthy and detached from the surface by day 9. 

However, by using RFP containing inks, no planktonic bacteria nor biofilm colonies were 

observed (Figure 2B). Moreover, the results revealed that BCP containing inks produced 

about two times more calcium and promoted osteogenic development (Figure 2C).

Cell migration is another critical step in many regenerative processes, including bone 

regeneration. 3D cell migration can be either proteolytic or non-proteolytic.[83] In 

proteolytic migration, cells secrete active metalloproteases to break down ECM for 

movement while in non-proteolytic migration, cells deform the ECM or squeeze through 

it.[83] The migration of highly motile cells, such as fibroblasts, has been extensively 

investigated.[84, 85] However, the favorable migration behavior of human osteoblasts in an 

osteoid-like collagenous matrix has remained elusive. Using microfluidics technology, 3D 

migration of human osteoblasts in a model of bone injury or fracture was investigated 

(Figure 2D).[86] In this study, a collagen-based hydrogel was altered by crosslinking with 

Transglutaminase (TG2) to increase its strength as well as its resistance to proteolytic 

digestion. In order to recreate the physiological environment of the bone fracture or 

injury, a chemical gradient of platelet-derived growth factor (PDGF-BB), which plays a 

significant role in the directed migration of osteoblasts, was applied across the gel. The 

addition of TG2 increased the number of thin membranes between fibers and caused a more 

aligned architecture. The results show that although TG2 causes resistance to proteolysis, 

human osteoblasts can still degrade the ECM for their movement. Based on the results, 

high concentrations of chemoattractant induces an inhibitory effect to reduce the cell 

velocity while the lower concentrations increased the cell’s speed. However, by using MMP 
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inhibitors, the mean and effective speeds of cells drastically decreased (Figure 2E). The 

same reduction was observed in the calculated diffusion coefficients proving the critical role 

of MMP for the human osteoblast movement.

In another set of studies, microfluidic devices were used to investigate processes related to 

bone erosion resulting from an imbalance between osteoclast bone resorption and osteoblast 

bone formation. The main trigger of articular bone erosion is fibroblast-like synoviocytes 

(FLS), populating the intimal lining of the synovium that produces proinflammatory 

cytokines and receptor activators of RANKL.[87–89] A microfluidic device having six 

parallel branched microchannels that are joined at the cell reservoir at one end and joined 

at the center channel on the other end was used to study the FLS migration happening with 

rheumatoid arthritis (RA) and the clinical strategy for its treatment (Figure 2F).[90] In order 

to mimic FLS migration in RA, human synovium SW982 cells were cultured in the central 

channel, while RAW264.7 RANKL stimulated cells and osteogenic medium stimulated bone 

marrow-derived mesenchymal stem cells (BMSCs) cells were cultured on the side chamber 

(Figure 2G). The results revealed an increased number of migrated FLS cells and distance 

when BMSCs and RAW264.7 cells were co-cultured compared to monocultures. Moreover, 

migrated FLS showed high levels of cadherin-11 expression, which promotes the secretion 

of inflammatory factor IL-6 responsible in the activation and migration of FLS. The results 

also showed an increase of TRAP+ RAW264.7 cells showing higher osteoclastic activity 

while the number of ALP staining positive cells decreased, which indicates an inhibition 

in osteoblastic differentiation. They also tested Celastrol’s effectiveness in treating RA by 

adding 500 ng/ml Celastrol to the co-culture and incubated for 4 days. Adding Celastrol 

decreased the number of migrated FLS, expression of cadherin-11, as well as the number of 

TRAP+ RAW264.7 staining cells. Celastrol inhibited FLS migration by suppressing HIF-1a/

CXCR4 signaling pathway or TLR4/NF-kB-mediated MMP-9 expression, as recently shown 

in the literature.[91, 92]

4. Bone vasculature and innervation on-a-chip

Bone is a highly vascularized tissue with 10–15% of total cardiac circulatory output.[93, 94] 

Blood vessels in bone are responsible for exchanging oxygen, nutrients, and waste as 

well as providing bone with hormones, growth factors, and neurotransmitters necessary 

for bone cells’ survival and activity.[95] Endothelial cells (EC), as the building blocks of 

the circulatory system, have been integrated into many microfluidic systems to recreate a 

more physiologically relevant system.[96, 97] We presented a 3D micromolding technique 

combined with EC cell lining technique to embed functional and perfusable microvessels 

inside various hydrogels and showed that the fabricated vascular network is efficient 

in improving mass transport and viability and differentiation of osteogenic cells in cell-

laden GelMA hydrogels.[98] In contrast to the EC cell lining technique, vasculogenesis 

and angiogenesis-based methods can be combined with advanced microfluidic-based 

techniques to recreate 3D microvascular networks that can be adapted into organ-on-a-

chip platforms.[99–105] A tri-culture of human bone marrow mesenchymal stem cells 

(hBM-MSCs), osteogenically differentiated (OD) hBM-MSCs, and human umbilical vein 

endothelial cells (HUVECs) embedded in 2.5 mg/ml fibrin gel were used to recreate 

the bone microvasculature.[106] Experimental results showed the formation of functional 
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microvascular networks after 4 days. Positive alpha smooth muscle actin (SMA) staining 

and hBM-MSCs wrapping around microvessels showed the phenotypic adaption of hBM-

MSCs toward a mural cell lineage (Figure 3A). Vasculature specific markers, such as 

vascular endothelial (VE)-cadherin and zonula occludens (ZO)-1, support the existence of 

mature vessel walls and tight cell junctions (Figure 3A). The secretion of bone proteins, such 

as osteocalcin and bone ALP, also supports the formation of mature bone tissue (Figure 3A). 

Furthermore, ECs showed morphological features such as elongated shape similar to in-vivo 
vasculature.

Organ innervation has been modeled using several microfluidic devices.[107–109] Like most 

other musculoskeletal tissues, bone is innervated by peripheral nerves, which coordinate 

with the central nervous system.[110, 111] The factors produced by nerve fibers have been 

directly associated with the activity of the bone cells.[110] In order to study the role of 

innervation in skeletal development, bone remodeling, and regeneration, a microfluidic 

device was developed to investigate the effects of dorsal root ganglion (DRG) neurons on 

the ability of MSCs to differentiate into osteoblasts.[112] The microfluidic device consisted 

of two parallel channels separated by several microgrooves adopted from previous neuron 

studies (Figure 3B). This unique design is beneficial to separately culture neuron bodies, and 

target cells with specialized culture media and measure the distinct gene/protein profiles of 

the neuron and target cells. DRG neurons and MSCs were cultured on the somal and axonal 

sides of the microdevice, and MSCs were seeded with osteoinductive medium (OIM). After 

4 days of co-culture, neurites were detected within the axonal side of the microdevice 

(Figure 3C). The results revealed 40% and 55% increase in MSCs’ metabolic activity on 

days 4 and 7 compared to the monoculture condition, respectively. Moreover, a 2.5-fold 

increase in RUNX2, a 2.8-fold increase in Sp7 (both RUNX2 and Sp7 play a significant 

role in directing the MSCs differentiation to osteoblasts and eventually osteocytes), a 

2-fold increase in Col1α1 (expressed from the beginning of osteoblast differentiation 

and is the main structural component of bone matrix), and 3.4-fold increase in Bglap (a 

highly abundant bone protein secreted by osteoblasts) expression was seen in the co-culture 

condition. However, if MSCs were not cultured in an osteogenic medium, no differences 

in osteoblast-related genes between monoculture or co-culture were detected. These results 

showed the promotion of the osteogenic activity of MSCs due to DRG neurons during 

osteoblasts differentiation. Moreover, Cx43 levels, as the most abundant connexin in bone 

cells regulating direct cell-cell communications via gap junctions, reached maximum levels 

by day 4 of co-culture, which proved the positive impact of DRG neurons on MSCs 

during osteogenesis. The results also demonstrated the role of DRG neurons in increased 

N-cadherin levels in MSCs, which mediates cell-cell adhesions.

5. Cancer metastasis to bone

Cancer metastasis is a complex multistage process, including cell shedding from the primary 

tumor site, local invasion, intravasation to the local blood or lymphatic vessels, circulation 

through the bloodstream or lymphatic vessels, extravasation into the secondary site, the 

formation of micro and macro metastasis in the secondary organ, and the genesis of new 

blood vessels (angiogenesis) to provide oxygen and nutrients.[113, 114] A significant number 

of studies focusing on cancer metastasis utilize mouse models, wherein cells are either 
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injected into circulation or orthotopically into the site of interest.[115, 116] Although in-vivo 
models provide a more physiologically relevant environment compared to conventional 

in-vitro models, for the most part, they fail to account for the impact of an intact immune 

system, especially in the context of the immunocompromised animals. While humanized 

mouse models exist, they are exceedingly expensive and still fail to completely recapitulate 

the human immune system, and as such, not widely deployed.[117] Moreover, the inherent 

phenotypic and genotypic differences that exist between animal and human cells represents 

another challenge. Microfluidic systems represent a powerful platform for the study of 

cancer metastasis by allowing for the co-culture of human cells as well as immune cells, 

closer emulating the native microenvironment in humans, coupled with inline, real-time, 

and high-throughput measurement capabilities.[118] Microfluidic systems and, in particular, 

organ-on-chip systems have been widely used to study metastatic processes such as invasion,
[119, 120] intravasation,[121–123] extravasation,[123, 124] and angiogenesis[122, 125] in different 

human organs. However, the studies focusing on bone cancer metastasis are limited due 

to the relatively recent introduction of the bone-on-a-chip platform compared to other 

organ-on-chip systems.

Cell invasion is one of the early steps of cancer metastasis. In order to study the invasive 

behavior of prostate cancer cells, a microfluidic device equipped with multiphoton flavin 

adenine dinucleotide (FAD) analysis was used to study prostate cancer cells, LNCaP 

and C4–2B, co-cultured with murine calvarial pre-osteoblast cells (MC3T3-E1s).[126] 

Combining imagining techniques with microfluidics is an advantageous way of observing 

and extracting information from biological samples.[127] In the aforementioned device, after 

adhesion of MC3T3-E1 cells to the sides of the channels, the channels were coated with 

a thin layer of collagen type I, then prostate cancer cells were introduced to the channels, 

and their migratory/invasive behavior was studied. C4–2B cells showed an increase in the 

number of cellular protrusions when they were co-cultured with MC3T3-E1 cells compared 

to its monoculture. However, no difference was observed for LNCaP cells. This behavior 

was attributed to the androgen-dependent behavior of LNCaP cells, making them less 

invasive towards stromal cells, while androgen-independent C4–2Bs demonstrated more 

invasive behavior. The results also revealed that when C4–2Bs were treated with conditioned 

media from a mixture of C4–2Bs and MC3T3-E1s, the percentage of the protrusive C4–2Bs 

was markedly increased, due to the crosstalk interactions between cancer cells and stromal 

cells. Together the results demonstrate the capabilities of microdevices to study and quantify 

the crosstalk between a metastatic prostate cancer cell line and bone stromal cells.

Another process that has been extensively studied using microfluidics is the extravasation of 

the cancer cells. During extravasation, cancer cells must first migrate through the capillaries 

or lymphatic vessels and then invade the tissue matrix through the ECM by either changing 

its structure or through the pores within the ECM.[128] Mei et al. developed a microfluidic 

device to investigate the role of osteocytes in the mechanical regulation of breast cancer 

cell extravasation.[129] HUVECS were seeded on one of the channels, and an ellipsoidal 

lumen was formed, with consistent VE-cadherin expression after 6 hours. The effects of 

osteoclast-derived released factors on cancer cell extravasation was investigated by seeding 

MLO-Y4 cells in osteocyte channel with either MLO-Y4 media or 1:1 mixture of MLO-

Y4 media and osteoclast conditioned media. The introduction of osteoclast-conditioned 
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media did not change the extravasation percentage. However, the extravasated distance 

increased from 63.8 μm to 134.5 μm with the conditioned media. Osteoclasts are known 

to stimulate cancer metastasis through the breakdown of bone matrix (thereby releasing 

growth factors) and the direct secretion of osteoclast signals.[130, 131] In the absence of bone 

matrix resorption, studies have shown that deproteinized osteoclasts conditioned media and 

lipids extracted from osteoclasts conditioned media to promote cancer migration through 

the upregulation of arachidonic acid and the downregulation of lysophosphatidylcholine.[132] 

Also, sphingosine 1 phosphate (S1P) is secreted by osteoclasts and is known to promote 

breast cancer migration by upregulating matrix metalloproteinase (MMP)-9, which breast 

cancer cells utilize to degrade ECM.[133–135] However, S1P also can enhance endothelial 

integrity, thereby inhibiting the extravasation of breast cancer cells.[136] Similarly, the breast 

cancer cell line, MDA-MB-231, extravasated farther via increased matrix degradation, while 

the percentage of extravasation is still comparable between conditions due to the protection 

of the endothelium barrier.

In the same study, MLO-Y4 osteocytes underwent daily fluid stimulation of 1Pa and 

1Hz for 2 hours to investigate the effects of mechanically stimulated osteocytes on breast 

cancer extravasation. The result revealed the reduction in extravasation percentage (33.8% 

compared to 67.2%) and distance (36.6 μm compared to 110.3 μm) compared to samples 

with no stimulation. Mechanically-stimulated osteocytes are known to increase adenosine 

triphosphate (ATP) secretion, through activation of gap junction hemichannels, and decrease 

RANKL release, which could both inhibit breast cancer migration.[137–140] Furthermore, the 

application of flow reduces osteocyte apoptosis, which reduces IL-6 expression, a factor 

that stimulates cancer cell expression of MMP’s.[141, 142] However, mechanical stimulation 

also upregulates prostaglandin E2 (PGE-2) and TGF-β1 in osteocytes, both of which have 

been implicated in promoting metastasis through the increase of MMP expression in various 

cancers.[70, 143, 144] In terms of extravasation percentage, they suggested that the trend is due 

to PGE-2 secretion by mechanically stimulated osteocytes that will enhance the endothelial 

barrier and reduce its permeability. The ability of microdevices to control both mechanical 

stimulation and flow rates, as well as the establishment of an endothelial barrier adjacent 

to a bone-cell rich matrix, makes microfluidics a desirable alternative for studies on cancer 

metastasis.

It has long been recognized that cancer cells spread to specific distant organs.[145] Based 

on the “seed and soil theory” proposed by Paget, the cells (seeds) can only accomplish 

metastasis if the distant organ microenvironment (soil) is suitable for their growth.[146] 

This shows that the colonization, proliferation, and eventual outgrowth of the cancer 

cells are significantly related to the interactions between the cellular and physiochemical 

components of both cancer cells and the host organ environment. One of the widely used 

microfluidic devices to recreate organ tissues in-vitro was developed by Roger Kamm’s 

group.[147, 148] This microfluidic device consists of a central gel channel separated from side 

medium channels by a novel post design, which allows the hydrogel to be contained within 

the channel during the gel filling process (Figure 4A).[106] Moreover, the gas-permeable 

laminate layer underlying the chips ensures that atmospheric oxygen and CO2 levels are 

maintained. Whereas, concentration gradients and interstitial flows across the gel channel 

could also be recreated by applying different concentration solutions or flow rates to the 
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side channels.[149, 150] This technology was deployed in a bone-on-chip study, where the gel 

channel was filled with 6 mg/ml collagen type I embedded with osteogenically differentiated 

(OD) hBM-MSCs cells. After 1 day, HUVECs cells were introduced to one of the medium 

channels to form a monolayer (Figure 4B).[106] Results demonstrated that OD cells were 

able to deposit calcium and produce mineralization of the surrounding matrix. VE-cadherin 

staining was used to confirm the tight connections between endothelial cells (Figure 

4C), and laminin and collagen IV presence was used to show the presence of a mature 

endothelium. Finally, alizarin red staining showed the calcium deposited by OD hBM-MSCs 

(Figure 4D). In a similar approach, Bersini et al. used a bone-on-a-chip device to measure 

70 kDa fluorescent dextran’s permeability through a bone mimicking environment and 

acellular environment. Breast, bladder, or ovarian cancer cells (MDA-MB-231, T24, and 

OVCAR-3) were also introduced to the microdevice to study extravasation through an 

engineered endothelial barrier into the bone mimicking environment.[151] A significant 

increase in the extravasation rate of MDA-MB-231, T24, and OVCAR-3 with the presence 

of bone mimicking environment (64.3 ± 2.9%, 66.9 ± 3.5%, and 50.9 ± 2.2% respectively) 

compared to the acellular model (17.0 ± 4.7%, 16.0 ± 4.5%, 12.9 ± 3.6% respectively) was 

observed. The percentage of transmigrated cells in the case of MDA-MB-231 and T24 were 

significantly higher with respect to OVCAR-3, while there was no significant difference for 

all three cells in the acellular model. Additionally, the migration distances were calculated, 

and an increased migration distance in the bone mimicking environment compared to the 

acellular environment was observed. Moreover, it was observed that T24 cells migrated 

significantly more than other cell lines. These results indicate an aggressive behavior 

of T24, which makes it transmigrate through the endothelium and migrate considerable 

distances to the bone mimicking environment. Although clinical studies suggest that only 

0.82% of ovarian cancer cells metastasize to bone,[152] the results here show more than 

50% transmigration to the bone mimicking environment. The authors hypothesized that 

ovarian cancer cells, after extravasating to the bone environment, may not be able to form 

micrometastatic colonies.

In addition to seeding osteoblasts in a hydrogel, it is also possible to recreate the 3D 

bone environment through the active secretion of collagen by osteoblasts, followed by the 

deposition of HAP onto the structure over an extended period of time.[153] For example, a 

microfluidic system was developed for the secretion of a heavily mineralized osteoblastic 

tissue in 720 hours.[154] This microfluidic device consists of two chambers separated by a 

dialysis membrane (Figure 4E). The height of the cell culture chamber and dialysis pore 

size was optimized using numerical simulations. High pore size membranes were shown to 

be favorable because of the high exchange efficiency of nutrients and waste, while smaller 

pore size acted to block the translocation of bone-building proteins to the outside. On the 

other hand, the height determines the distance traveled by nutrients and waste as well as 

the local concentration of the bone-building proteins inside the cell chamber. The numerical 

simulations revealed that 2 mm cell chamber height with regenerated nitrocellulose (NC) 

dialysis membrane (pore size of 1.5 nm) would make a stable physiological environment 

that can exchange nutrients and waste while efficiently blocking the bone-forming proteins. 

They also generated nanostructures on the glass surface using a base wash with 0.3 M 

sodium hydroxide in 70% ethanol for 72 h to enhance osteoblastic tissue attachment. 
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Murine calvaria pre-osteoblasts MC3T3-E1 were introduced into the culture chamber. After 

720 h of culture, the thickness of the collagenous matrix reached an average of 60 μm, 

demonstrating the microfluidic device’s ability to form a mature osteoblastic tissue. TEM 

horizontal view images of the osteoblastic tissue revealed two layers of mature osteoblasts 

and just a few cells in the collagenous space between the apical and basal layers (Figure 4F). 

This recapitulates the physiological environment, in that, during bone formation, osteoblasts 

line the new bone’s surface after laying down a collagenous matrix.[4] Moreover, TEM 

images show distinctive banded patterns for fibrils due to the overlapping pattern of the 

tropocollagen units. Utilizing the coated microdevice, metastatic breast cancer cells MDA-

MB-231 and the non-metastatic variant, MDA-MB-231-BMRS1 were then used to examine 

and compare metastatic niche formation in the osteoblastic tissue. After two weeks, MDA-

MB-231-BMRS1 cells did not form any large colonies and did not invade into the matrix; 

moreover, the cells were loosely attached to the apical surface of the osteoblastic tissue. 

However, MDA-MB-231 cells caused erosion of the apical collagen in the first week and 

created large holes and protruded long invadopodia in the second week. Additionally, in the 

second week, osteoblastic tissue started to reorganize to a more elongated morphology, and 

cancer cells started proliferating into strings of cells aligned with the elongated axis of the 

collagenous matrix, which is similar to the clinical observation of cancer cells.[155]

Cell-laden hydrogels are currently unable to replicate the complexity of highly mineralized 

bone tissue, and mineral deposition is limited to small and dispersed mineral nodules 

appearing after 14–21 days of culture. However, in the microfluidic community, the addition 

of hydroxyapatite (HA) nanoparticles to the ECM has been applied to resemble mineralized 

bone tissue.[156, 157] It should be noted that HA nanoparticles inhibit proliferation and 

induce apoptosis by producing intracellular reactive oxygen species (ROS) and activating 

p53, resulting in DNA damage.[158] For example, Ahn et al. used a three-gel channel 

to investigate the interactions between the tumor and bone mimicking microenvironment 

(Figure 4G).[156] In this study, they used fibroblasts instead of osteoblasts due to their 

genetic similarities within the bone matrix.[159] To study cancer migration through the 

HA/fibrin gel, the central gel channel and one of the side gel channels were filled with 

2.5 mg/ml HA/fibrin gel and fibrin gel, respectively, while the other side-channel was 

filled with fibrin gel embedded with fibroblasts (4H). Initial results published by Jusoh 

et al. showed that adding more than 0.5% HA would make the gel not polymerize.[157] 

After adding human colon cancer (SW620) and human gastric cancer (MKN74) cells, the 

results showed a decrease in extravasated cells by increasing HA concentrations. Moreover, 

to evaluate microenvironment induced angiogenesis, cancer cells were co-cultured with 

fibroblasts within the HA/fibrin matrix, and then endothelial cells were introduced to 

form a monolayer on the media channel (Figure 4I). The results showed that as the HA 

concentration increased, the sprout lengths decreased because HA induced secretion of 

factors that suppressed angiogenesis. Finally, to mimic the crosstalk between the tumor 

and the microenvironment, microspheroids of tumor-fibroblast were cultured in HA/fibrin 

matrix in the gel channel with the endothelial cells patterned on the side channel (Figure 4J). 

Angiogenesis induced by SW620-fibroblast microspheroids caused thinner blood vessels 

compared to MKN74-fibroblast spheroids.
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After the arrest of cancer cells in capillaries, biochemical factors secreted by all the cells 

in the microenvironment will guide them to extravasate out of the vessel.[160] Bersini 

et al. investigated the signaling pathway involving the osteoblast-secreted inflammatory 

chemokine CXCL5 and the breast cancer cell surface receptor CXCR2 using the bone on 

a chip microfluidic device.[161] CXCL5 is known to activate Snail, a transcription factor 

involved in cancer cell invasiveness and migration. Moreover, it has been demonstrated that 

Snail overexpression in breast cancer cells can upregulate Axl expression, a tyrosine kinase 

receptor, which, in turn, is important for extravasation.[162–164] Incubation of cancer cells 

with CXCR2 blocking antibody decreased the extravasation percentage in the OD hBM-

MSCs embedded collagen gel (77.5 ± 3.7% vs. 45.8 ± 5.4%) while it had no significant 

effect on the distance traveled by extravasated cells (46 ± 5.7 vs. 50.8 ± 6.2 μm) (Figure 

5A, 5B, and 5E). This suggests that CXCR2 only plays a minor role in cancer cell migration 

within a bone-mimicking environment. However, the addition of CXCL5 ligand to collagen 

gel increased the extravasation rate (37.6 ± 7.3% vs. 78.3 ± 9.7%) as well as the migrated 

distance (31.8 ± 5.0 vs. 54.7 ± 5.8 μm), as compared to the control (Figure 5C, 5D, 

and 5E). In another bone-on-chip system with engineered microcapillaries, the researchers 

introduced a katushka-expressing bone-seeking clone (BOKL) of the MDA-MB-231 

metastatic breast cancer cell line to investigate extravasation into gel embedded with OD 

hBM-MSCs, to mimic the bone environment or the gel embedding C2C12 myoblasts, as 

a muscle mimicking environment (Figure 5F).[106] The cancer cell extravasation rate was 

remarkably higher in the bone mimicking environment (56.5 ± 4.8%) compared to muscle 

mimicking environment (8.2 ± 2.3%) or without stromal cell addition (14.7 ± 3.6%). This 

large difference was not observed in the previous studies due to the less physiological 

environment tested before. The permeability values of the microvasculature were measured, 

and interestingly the muscle-mimicking environment, as the leakiest (8.37 × 10−6 ± 1.53 

× 10−6 cm/s, a 2.0-fold increase compared to bone mimicking environment), caused the 

lowest extravasation rate. In the same study, the effect of the A3 adenosine receptor 

(A3AR) expressed by many cancer cell types as an antimetastatic factor was studied. A3AR 

antagonist PBS-10 within C2C12 containing microfluidic device was introduced, and cancer 

cells were pre-incubated with A3AR before seeding. The results show a significant decrease 

and increase in the extravasation rate (12.7 ± 2.8% compared to 56.5 ± 4.8%) (Figure 5G) 

and microvessel permeability (8.22 × 10−6 ± 1.76 × 10−6 cm/s compared with 4.12 × 10−6 ± 

0.75 × 10−6 cm/s) (Figure 5H). Moreover, they studied the effects of flow rate (2 μl/min) in 

the medium channel on microvasculature architecture and extravasation rate and distance. In 

the presence of the flow, endothelial cells have an elongated morphology and actin filaments 

aligned with the flow direction, which resembles the in-vivo microvessels. The flow caused 

a 2.4-fold decrease in microvessel permeability and a significantly lower extravasation rate. 

However, the extravasation distance in the case of flow was increased.

Bone marrow is the soft and highly vascular tissue located within the cancellous portion of 

the bone, which contains hematopoietic stem cells, marrow adipose tissue, and supportive 

stromal cells.[165] Particularly, the endosteal niche of the bone marrow has been increasingly 

associated with normal marrow function and leukemias.[166] Hematopoietic stem cells 

(HSCs) are a rare subpopulation of hematopoietic cells residing in bone marrow with 

the ability to give rise to blood cells, including leukocytes, erythrocytes, and thrombocytes.
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[167, 168] The in-vitro microfluidic models of human hematopoiesis have helped researchers 

to better understand bone marrow physiology through culturing stem and progenitor cells 

surrounded by stromal cells as well as endothelium-lined vasculature.[169–173] Initially, 

Torsisawa et al. introduced a method that involved engineering new bone in-vivo, which was 

then removed and cultured in a microfluidic device.[170] This bone marrow model was tested 

as an in-vitro radiation toxicity platform, and it was shown that a statistically significant 

decrease in the proportions of HSCs, hematopoietic progenitors, lymphoid cells, and 

myeloid cells similar to in-vivo irradiated mice was observed. In recent years, several studies 

have been conducted to recreate the in-vitro bone marrow on-chip without using animals. 

For example, Aleman et al. developed a microfluidic chip with a recirculating perfusion 

system, which included biomimicry parameters such as 3D architecture and cell-cell / 

cell-matrix interactions.[173] Recently, the Ingber group introduced a novel microfluidic 

device containing CD34+ cells and bone marrow-derived stromal cells (BMSCs) with 

an endothelium-lined vascular channel that can recapitulate myeloerythroid toxicity after 

exposure to chemotherapeutic drugs and radiation as well as its recovery after introducing 

drugs.[174] It should be noted that due to the key role of bone marrow in immune systems 

with hematopoietic activities, it is important to develop bone marrow on-chip models that 

support immunogenicity and immunotoxicity testing. Overall, the human bone marrow 

on-chip systems can be used to recapitulate many clinical characteristics of bone marrow 

physiology and its response to various stimuli.

6. Limitations and future directions

Although microfluidic devices enable the investigation of a myriad of cell-cell and cell-

matrix interactions under conditions that are specific to the bone microenvironment and 

relevant for various diseases, several challenges still exist. For instance, it has been 

extensively shown that mechanical loading is an imperative component of bone tissue 

function and physiology.[175–178] Osteocyte biology in the native tissue is highly responsive 

to mechanical effects, and the types of loads distributed across osteon units[6, 179] are 

difficult to recapitulate with pure flow shear stresses. Microdevices that incorporate 

controllable and cyclic mechanical stresses have been widely developed in the field. 

However, bone-on-a-chip systems that combine complex loading and heterotypic tissue 

designs (with vascular capillaries, multiple cell types, and tissue components) have remained 

elusive. These are likely to represent the next set of organ-on-a-chip model systems that 

truly replicate the complexity of bone tissue dynamics.

Additionally, despite extensive work, current strategies to mimic bone tissue on-a-chip 

fall short in approximating the real complexity of the cellularized and calcified bone 

microenvironment. Bone tissue is inherently a cell-loaded biomaterial where cells are 

cemented within a nanoscale calcified matrix composed of a non-mineralized organic 

component (predominantly collagen I) and a mineralized inorganic component along with 

over 200 different types of noncollagenous proteins (NCPs).[3, 180] The conventional model 

systems used to study bone function and cell response to bone-like microenvironments are 

usually based on pre-calcified polymer or bioceramics. Calcium phosphate (CaP) ceramics 

such as synthetic hydroxyapatite (HA) [Ca10(PO4)6(OH)2], beta tricalcium phosphate 

(βTCP) [Ca3(PO4)2], have been widely used since they not only resemble the native bone 
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chemical composition but also they can enhance cellular activity and bone repair.[181] 

In particular, HA, which has enhanced osteoinductivity, has relative high stability, which 

decreases its degradation and slows down the native process of tissue remodeling, since, in 

native bone, the nanostructure of the HA crystallites together with the organic matrix and 

cells will invariably contribute to tissue degradation, which does not happen in pure HA 

biomaterials. On the other hand, βTCP can degrade 10–20 times faster than HA, and thus it 

may provide the Ca and P ions needed for enhanced cellular functions.[182] However, these 

models usually fail to replicate the complexity of bone cellular or micro and nanoscale ECM 

structural environment. Moreover, incorporating these rigid substrates within microfluidic 

devices is challenging.

On the other hand, cell-laden hydrogels have been considered as an alternative approach to 

recreating 3D cellular and structural environment. Several hydrogel biomaterials, including 

natural polymers (such as collagen, fibrin, gelatin, hyaluronic acid, chitosan, and alginate) 

and synthetic polymers (such as poly(ethylene glycol) (PEG), poly(ethylene oxide) (PEO), 

poly(vinyl alcohol) (PVA), poly (acrylic acid) (PAA), and poly(propylene fumarate-co-

ethylene glycol) (P(PF-co-EG)), among many others) have been used as biomaterials for 

bone-related studies.[183] Importantly, in the field of bone microfluidics, collagen and 

fibrin have been the most commonly used biomaterials, likely because they enable cell 

encapsulation and approximate key aspects of the bone ECM while being easily integrated 

into microfluidic devices. As the basic element of the most connective tissues and the 

most abundant protein in mammalian tissues, collagen has been widely used for bone 

tissue engineering purposes. Collagen type I is the primary component of the bone matrix, 

and it consists of three polypeptide chains helically coiled around to form microfibrillar 

structures.[184] The other highly used biomaterial, fibrin, is formed by the action of thrombin 

on fibrinogen in the final step of the clotting cascade.[185] Fibrin can bind to numerous 

proteins (such as fibronectin and vitronectin) and growth factors (such as FGF, VEGF, 

and IGF-1).[186] Additionally, its unique viscoelastic behavior can increase its stiffness 

up to 20-fold at large strains, which has been found beneficial in long-term microfluidic 

experiments.[185] Furthermore, it has been shown that mixtures of type I collagen and fibrin 

gels could promote vascular formation without gel retraction, in various integrin-dependent 

mechanisms.[187]

Despite the widespread use of cell-laden hydrogel in bone microfluidic studies, current 

methods that rely on cell-laden hydrogels are either not mineralized or simply combined 

with calcium and phosphate micro/nanoparticles. Therefore, perhaps the most critical 

component of the bone matrix is overlooked in these said strategies. Similarly, methods 

to stimulate calcium deposition by osteoprogenitor cells within these cell-laden biomaterials 

remain dependent upon the use of exogenous supplements (beta glycerol phosphate, ascorbic 

acid, and dexamethasone), which are not natural components of bone tissue, and are 

known to induce slow, dispersed and poorly coordinated secretion mineral nodules across 

the matrix, which do not mimic the coordinated and rapidly moving mineralization front 

found in bone tissue. We have recently addressed these limitations by developing cell-laden 

hydrogels that are controllably mineralized at the nanoscale to match the nanostructure, 

chemical composition, and mechanical properties of native bone with the ability to support 

vasculature and innervation (Figure 6).[188] These engineered tissues have shown a unique 
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trophic effect on prostate cancer in-vivo and have been proposed as a useful model system 

to study cancer-bone interactions in-vitro. Current studies in our lab have successfully 

attempted to miniaturize this process to enable calcification of vascularized and bone 

cell-laden matrix materials on-chip (Figure 6M). These biomimetic strategies should offer 

another layer of development towards approximating the true complexity of bone tissue as 

a controllably engineered biomaterial. These nanoscale mineralized materials are thought to 

be especially relevant for cancer studies since it has been demonstrated that the orientation 

and crystallinity of nanoscale HA mineral is a crucial determinant in the homing of 

metastatic cancers to specific sites in the bone matrix.[189] Therefore, miniaturizing these 

bone-like microenvironments on-a-chip is likely to open up new opportunities for an 

improved understanding of the interactions between bone tissue and cancer cells.

Furthermore, recent developments in liquid-phase and cryogenic TEM have enabled 

unprecedented visualization of dynamic biomineralization phenomena with sub-nanometer 

resolution.[190] Although the far majority of these bone-related materials phenomena have 

been studied away from the context of cell biology, recent efforts form expert groups have 

been focused on combining organ-on-a-chip technologies with high-resolution microscopy 

to elucidate the sub-nanometer events that take place during biological regulation of bone 

biomineralization. The possible outcomes resulting from these studies are likely to break 

new ground in the understanding of bone biology and should provide an important bridge 

between the fields of high-resolution microscopy, tissue engineering, and cell biology.

Moreover, recent examples illustrating the possibilities for integrating multiple organs on 

microfluidic breadboards,[191, 192] inclusive of multi-organ systems showing metastatic 

processes from one organ-chip to another, is an area that should be further investigated 

in bone microfluidics. The possibility of replicating and testing the long-held seed and soil 

hypothesis of cancer metastasis to bone in multi-organ chips is a unique opportunity. Future 

studies should address these goals. Lastly, the use of bone on-a-chip microdevices as tools 

for point-of-care precision medicine is the area that should bring bone microfluidics closer 

to clinical medicine. The ability to isolate patient cells from the bed-side, seeding them in 

high-throughput microfluidic devices, and testing specific drugs and drug combinations, will 

potentially open up a new era in modern bone therapeutics. The technologies for such end 

goals are largely available. However, much more comprehensive integration of clinicians, 

industry, and academic research will be necessary to enable these goals.
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Figure 1. 
A) Illustration of the microfluidic system composed of a high precision pressure pump, 

nutrient and waste reservoirs, flow sensor, and the microfluidic chamber is shown. B) 

The schematic shows a comparison between the physiological environment and how the 

microfluidic device is employed to mimic this environment as well as how the microfluidic 

device is mounted on a manifold. C) Images of negative control media and RANKL 

supplemented media after 1, 4, and 6 days of culture. The bottom image shows a magnified 

image of osteoclasts in RANKL supplemented media after 6 days. Scale bars are 200 μm. 

D) Images of the cells in fOCY (stimulated osteocytes channel), OCL (osteoclasts channel), 

and nOCY (non-stimulated osteocytes channel) channels after 1 and 4 days of culture. The 

bottom image shows the TRAP+ staining of osteoclasts on day 6 of co-culture. The zoomed 

view clearly shows the multinucleated osteoclasts. Scale bars are 200 μm. (Adapted under 

the terms of the CC-BY license.[64] 2018, MDPI. Adapted with permission.[72] 2017, 

Elsevier.)
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Figure 2. 
A) A high-throughput microfluidic system with 8 culture chambers integrated with inkjet-

printed micropatterns and an exploded view of an individual chamber are shown. B) Using 

micropatterns containing RFP antibiotics decreased the S. epidermis bacteria released in 

the microfluidic chamber. The inset shows the UV-VIS absorption spectra of the effluents 

at 96 h. C) The presence of micropatterns after a 3-week co-culture increased the calcium 

deposition. D) One of the side channels of the microfluidic system was filled with PDGF 

containing media to create a concentration gradient across the gel channel to mimic the 

bone injury or fraction. E) Median and effective velocities of osteoblasts decreased by 

adding Marimastat MMP inhibitor. F) The schematic of the microfluidic device for studying 

FLS migration is shown. G) In order to mimic FLS migration in RA, human synovium 

SW982 cells were cultured in the central channel, while RAW264.7 RANKL stimulated and 

osteogenic medium stimulated BMSCs were cultured on the side chamber. (Adapted with 

permission.[82] 2012, Elsevier. Adapted with permission.[86] 2018, Elsevier. Adapted under 

the terms of the CC-BY license.[90] 2018, The Royal Society Publishing)
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Figure 3. 
A) Formation of bone and the microvascular network is confirmed by staining for 

osteocalcin (OCN red), bone ALP (Bone ALP red), endothelial adherens (VE-cadherin 

red), and tight junctions (ZO-1 red). Furthermore, differentiation of hBM-MSCs toward 

mural cell lineage is confirmed by immunofluorescent staining of alpha-smooth muscle actin 

(alpha SMA red). HUVECs and nucleus are stained with green and DAPI (blue) stainings, 

respectively. B) A microscopic image of the microfluidic device for studying innervation 

and a zoomed view at microgrooves is shown. The microgrooves are 3.6 μm high, 7 μm 

wide, and 148 μm long, which are spaced 48 μm from one another. Scale bar is 10 μm. C) 

The presence of neurites after co-culture with MSCs using the microfluidic device is evident 

in this image. Immunofluorescent staining of neurites was performed using ß-III Tubulin 

coupled to Alexa Fluor 488 (green), and the nuclei were stained with DAPI. Alexa Fluor 568 

(red)-conjugated phalloidin was used for staining MSCs’ actin filaments. The scale bars are 

100 μm and 50 μm from left to right, respectively. (Adapted under the terms of the CC-BY 

license.[106] 2014, Proceedings of the National Academy of Sciences of the United States 

of America. Adapted under the terms of the CC-BY license.[112] 2017, Nature Publishing 

Group.)
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Figure 4. 
A) The microfluidic device developed by Roger Kamm’s group that has been widely used 

in organ-on-a-chip devices. B) A schematic of a tri-culture microfluidic device to study 

cancer cell extravasation through endothelial lumen and ECM. C) 3D reconstruction of 

VE-cadherins (red) showing the formation of adherens junctions between GFP endothelial 

cells, while cell nuclei are shown in blue (Hoechst) D) deposition of calcium deposited 

by MSCs shown by Alizarin Red-S assay E) Schematic and image of the microfluidic 

device used to obtain a mature osteoblastic tissue over 30 days. In this device, culture 

and medium reservoirs are separated by a dialysis membrane to increase the efficiency of 

nutrients and waste exchange as well as trapping the bone-building proteins. F) Horizontal 

view of the toluidine stained osteoblastic tissue formed after 30 days shows apical and basal 

layers of osteoblasts. G) Schematic and image of three gel channels microfluidic device 

for studying mineralized bone tissue made of HA/fibrin composite. Representation of cells 

and ECM configuration for studying the effects of HA concentration on H) extravasation, I) 

tumor-induced microenvironment angiogenesis, and J) crosstalk between tumor and tumor 

microenvironment. (Adapted under the terms of the CC-BY license.[151] 2018, Impact 

Journals. Adapted with permission.[154] 2018, Wiley. Adapted under the terms of the 

CC-BY license.[156] 2019, Frontiers.)
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Figure 5. 
A) Treating cancer cells with CXCR2 blocking antibody decreased the extravasation rate 

of cancer cells within collagen gel containing OD hBM-MSCs compared to non-treated 

and IgG incubated cancer cells. B) confocal stack image of non-extravasated anti-CXCR2 

treated cancer cells (GFP, white arrows) into the gel.cells nucleus, endothelial cells, 

and actin filaments are stained with DAPI (blue), RFP (red), and phalloidin (yellow), 

respectively. C) addition of CXCL5 within collagen gel-only increased the extravasation rate 

of cancer cells compared to non-treated, and IgG added collagen gels. D) Confocal stack 

image of extravasated cancer cells to the collagen gel. Similarly, cell nucleus, endothelial 

cells, and actin filaments are stained with DAPI (blue), RFP (red), and phalloidin (yellow), 

respectively. E) Incubating cancer cells with the CXCR2 blocking antibody did not affect 

the extravasation distance while treating collagen gel with CXCL5 decreased extravasation 

distance. F) C2C12 or OD hBM-MSC cells could be used to mimic bone and muscle 

microenvironments, respectively. G) Percentage of cancer cells extravasated with adding 

adenosine decreased. H) On the other hand, adding adenosine increased the permeability of 

the microenvironment. (Adapted with permission.[161] 2014, Elsevier. Adapted under the 

terms of the CC-BY license.[106] 2015, Proceedings of the National Academy of Sciences 

of the United States of America.)
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Figure 6. 
TEM image of A) non-mineralized and B) mineralized collagen shows the formation of 

intra and extrafibrillar mineralization in the mineralized sample (scale bar: 500 nm). C) 

Zoomed TEM view of the mineralized sample shows the orientation of intrafibrillar mineral 

apatite crystallites in (001) position (scale bar: 50 nm). D) Selective area electron diffraction 

(SAED) shows the broad arc for (002) plane and overlapping arcs for (112), (211), and 

(300) planes similar to hydroxyapatite crystalline structure. E) Cells in the mineralized 

matrix showed higher or comparable gene expression profiles to those obtained by OIM, 

with the exception of RUNX2. The expression of OCN on day 14 in the F) mineralized 

sample was significantly higher compared to the OIM-treated sample (purple: OPN, blue: 

DAPI, scale bar: 200 μm). Reflectance confocal microscopy of MSCs in H) mineralized 

and I) OIM-treated samples shows the dendritic morphology of cells in the mineralized 

sample, indicating an osteocyte-like morphology (green: F-actin, blue: DAPI, red: collagen, 

scale bar: 30 μm). J) 3D SEM image of cells (blue) packed in minerals (red). Comparing 

HUVECs:MSCs co-culture in K) non-mineralized and L) mineralized samples shows the 

expression of RUNX2 by MSCs as a marker for osteogenic differentiation (scale bar: 50 

μm). M) The proposed mineralization method was used in the microfluidic device seeded 

with HUVECs:MSCs co-cultured in collagen:fibrin gel, and the Alizarin red data showed the 
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mineralization and deposition of calcium in the vascularized microfluidic model. (Adapted 

under the terms of the CC-BY license.[188] 2019, Nature Publishing Group)
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