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Abstract

Human organoids and organ-on-chip systems to predict human responses to new therapies and for 

the understanding of disease mechanisms are being more commonly used in translational research. 

We have developed a bone-chip system to study osteogenic differentiation in vitro, coupled with 

optical imaging approach which provides the opportunity of monitoring cell survival, proliferation 

and differentiation in vitro without the need to terminate the culture. We used the mesenchymal 

stem cell (MSC) line over-expressing bone morphogenetic protein-2 (BMP-2), under Tet-Off 

system, and luciferase reporter gene under constitutive promoter. Cells were seeded on chips and 

supplemented with osteogenic medium. Flow of media was started 24 h later, while static cultures 

were performed using media reservoirs. Cells grown on the bone-chips under constant flow of 

media showed enhanced survival/proliferation, comparing to the cells grown in static conditions; 

luciferase reporter gene expression and activity, reflecting the cell survival and proliferation, was 
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quantified using bioluminescence imaging and a significant advantage to the flow system was 

observed. In addition, the flow had positive effect on osteogenic differentiation, when compared 

with static cultures. Quantitative fluorescent imaging, performed using the osteogenic extra-

cellular matrix-targeted probes, showed higher osteogenic differentiation of the cells under the 

flow conditions. Gene expression analysis of osteogenic markers confirmed the osteogenic 

differentiation of the MSC-BMP2 cells. Immunofluorescent staining performed against the 

Osteocalcin, Col1, and BSP markers illustrated robust osteogenic differentiation in the flow 

culture and lessened differentiation in the static culture. To sum, the bone-chip allows monitoring 

cell survival, proliferation, and osteogenic differentiation using optical imaging.

Graphical Abstract

Keywords

Organ-on-a-chip; Mesenchymal stem cells; Osteogenesis; Optical Imaging

1 Introduction

The tissue engineering field emerged from the enormous need for enhanced tissue and organ 

regeneration when the self-regenerative capabilities of the human body are insufficient. 

Modern approaches to the development of novel tissue engineering strategies acknowledge 

the need to recapitulate the physiological and pathological conditions including: cell-to-cell 

and cell-to-ECM interactions, three-dimensional (3D) organization, shear forces, and other 

aspects, while retaining reasonable costs and reducing the quantities of animals used and 

sacrificed (Gomes et al. 2017). To close the translational gap, researchers have been 

intensifying their efforts to develop 3D cell culture systems known as “Organs-on-Chips” 

that attempt to recapitulate human physiology on a micro-scale. These micro-engineered 

culture systems are composed of continuously perfused compartments seeded with multi-

lineage cells (Bhatia and Ingber 2014; Sung et al. 2013). We have developed a bone-chip to 

study osteogenic differentiation in vitro. It provides a platform for optical imaging of the 

bone-chip without the need to terminate the cultures, as well as the application of 

mechanical forces known to affect cell function, gene expression, and differentiation (Ingber 

2006).

In the last few years those systems have been proven as an effective tool for the study of 

metabolism (Maschmeyer et al. 2015), for the prediction of drug toxicity in human tissue 

(Esch et al. 2015; Bhise et al. 2014), for disease modeling (Zhang et al. 2017b; Shuler 2017), 

and for the investigation of innovative tissue engineering approaches. (Huh et al. 2011) 

Hitherto, the scientific community has been introduced to a heart-on-a-chip (Zhang et al. 

2016), a vessel-on-a-chip (Kim et al. 2013), a kidney-on-a-chip (Homan et al. 2016), a gut-

on-a-chip (Kim et al. 2012), a liver-on-a-chip (Bhise et al. 2016), and lastly, a bone-on-a-

chip (Wobma and Vunjak-Novakovic 2016; Kolesky et al. 2016). Although these systems 
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allow fluorescent and optical microscopy imaging of cultured cells, one of the previously 

published systems’ limitations is that various types of analyses require termination of the 

chip culture. The current bone-chip design coupled with optical imaging approach addresses 

this limitation. Osteogenic differentiation, for example, can be imaged in vitro using several 

approaches; two prevalent methods are Von Kossa staining which detects mineralization 

based on a precipitation reaction between silver ion and the phosphate inorganic ion 

composing the bone mineral, widely used since the 1980s (Benayahu et al. 1989), and the 

alizarin red staining based on a pigment that sticks to cellular calcium deposition (Syftestad 

et al. 1985). Additional approach to demonstrate stem cells differentiation is to monitor 

marker expression, for example the presence of alkaline phosphatase that rises in the early 

osteoblast (Hoemann et al. 2009). Another option is to perform immunohistochemistry 

staining osteogenic markers e.g. Osteocalcin, Bone-sialoprotein, and Osteopontin. 

Unfortunately, all the aforementioned strategies require termination of the culture. 

Longitudinal imaging of the same culture over time can be achieved by the introduction of a 

genetic tag; one example is the knock-in of the luciferase gene, driven by the osteocalcin 

promoter, so the bioluminescent signal will reflect osteogenic cell differentiation. This can 

be performed using transgenic animal model (Ben Arav et al. 2012; Cohn Yakubovich et al. 

2015) when cells are derived from such animals, or by stably transfected primary cells 

(Sheyn et al. 2011). The usage of a constitutively expressed promoter, such as the ubiquitin 

promotor, presents a reliable tool to monitor cell survival and/or proliferation (Sheyn et al. 

2011, 2016).

In this study, we focused on non-terminal imaging of a bone-chip system. For this purpose, 

we used a well-established differentiating system that includes mesenchymal stem cells 

(MSCs) over-expressing bone morphogenetic protein-2 (BMP-2) (Moutsatsos et al. 2001; 

Pelled et al. 2007; Tai et al. 2008), under exogenous control of Tetracycline-off system 

(Moutsatsos et al. 2001), that has been previously examined in various clinically relevant 

models including spinal fusion (Hasharoni et al. 2005), long-bone allograft regeneration 

(Xie et al. 2007), radial defects (Kimelman-Bleich et al. 2009), and more. Recombinant 

human BMP-2 protein is approved by the FDA and widely used in the clinical setting. In the 

clinic, a very high dose of BMP-2 is administered, which quickly deteriorates. In a variety of 

experimental systems, a lower dose is required and this is achieved by nonviral gene 

delivery, offering sustained expression for as long as 14 days (Aslan et al. 2006), or for the 

cell lifetime in case of MSCs transfected with lentivirus. BMP-2 acts on MSCs via both, 

paracrine and autocrine signaling, transduced to the nucleus via secondary messengers 

including the Smad family, which enhance the expression of osteogenic transcription factors 

such as RUNX2, Osterix and others (Ryoo et al. 2006).

Our hypothesis for the current study is that optical imaging can be utilized to non-invasively 

monitor stem cell survival and differentiation while cultured in a bone-chip. Furthermore, we 

hypothesize that the micro-engineered environment within the bone-chip will promote cell 

proliferation and more efficient osteogenic differentiation and that optical imaging can be 

utilized to non-invasively monitor stem cell survival and differentiation while cultured in a 

bone-chip.
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2 Methods

2.1 Generation of MSC-Tet-Off-BMP2 cell with constitutive Luc reporter gene expression

Generation of rhBMP-2 overexpressing MSCs was described previously (Moutsatsos et al. 

2001). Concisely, cells from the C3H10T1/2 MSC line were stably transfected with a 

ptTATopBMP2 plasmid vector that encodes for a tetracycline trans-activator and rhBMP-2 

(creating a tet-off system). Using the inducible human BMP-2 expression vector, ptTATop-

BMP2, the expression of hBMP-2 could be shut down by the administration of doxycycline, 

an analogue of tetracycline, or turned on by doxycycline absence. Then, the cells were 

transfected with a Lenti-viral vector encoding for Luc2 reporter gene under the 

constitutively expressed ubiquitin promotor (Sheyn et al. 2011). Cells were cultured in 100 

mm-diameter culture dishes in a complete growth medium (Dulbecco’s modified Eagle’s 

medium containing 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 

100 U/mL streptomycin (Gibco-Life Technologies, Carlsbad, CA, USA) in 5% CO2 at 37 

°C. 1 mg/mL Doxycycline was added to the medium to prevent cell differentiation before 

seeding onto the chips.

2.2 Bone-chip system

We used a modified method previously described by Huh et al. to fabricate the chips with 

polydimethylsiloxane (PDMS) as previously described (Huh et al. 2013). We chose to use 

channel design to allow microscopical analysis of the differentiating cells under controllable 

flow conditions. The chips were then coated with 50 μg/mL Laminin in PBS (Sigma). 

Before the chip studies commenced, the cells were trypsinized and centrifuged at 300g and 4 

°C for 5 min. The cells were counted using the Trypan blue exclusion test and seeded on the 

coated chips in 106 cells/mL concentration, total volume of 50 μL, in high glucose complete 

growth media supplemented with 1 μg/mL doxycycline to prevent BMP2 expression. Dead/

non-adhered cells were removed after 3–6 h by flushing media through the Chip and flow 

was started 24 h after seeding at a rate 30 μL/h of media pulled through, using a syringe 

pump as previously described (Huh et al. 2013). The static cultures were performed using 

200 μL media reservoirs that were replenished every other day. Once the cells reached 

confluence (2–3 days), the growth media was replaced by doxycycline-deficient osteogenic 

media (10 mM β-glycerophosphate, 50 μg L-ascorbic acid).

2.3 Cell growth and viability

Micrographs were taken twice a week for 2 weeks using optical microscopy (XL Core 

ThermoFisher, Waltham, MA, USA). Cell survival was monitored biweekly using 

bioluminescent imaging (BLI); the media was changed to media supplemented with (0.126 

μg/μL) Luciferin, and the BLI signal was captured immediately using Xenogen IVIS 

Spectrum (PerkinElmer, Waltham, MA, USA),1 min exposure time. The image analysis was 

done using total influx data calculated on the same size ROI, normalized to background 

noise in each image.
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2.4 Noninvasive osteogenic differentiation assessment (FLI, NIRI—OsteoSense650®/
BoneTag800®)

The osteogenic differentiation was evaluated after 3 weeks of culture in osteogenic media 

using florescent probes. We compare tetracycline-deprived in static and flow culture, and 

used non-differentiating cells supplemented with tetracycline as a negative control. 

OsteoSense650® (Perkin Elmer) 0.625 nmol and B oneTag800® (LI-COR Biosciences, 

Lincoln, NE, USA) 2.56 nmol were introduced 24 h before the imaging, and were imaged 

using fluorescent imaging (FLI) and near-infrared imaging (NIRI) systems—using IVIS 

Xenogen for the former, O dyssey® CLx Imaging System (LI-COR Biosciences) for the 

later.

2.5 Gene expression analysis

Total RNA was isolated using RNAeasy isolation kit (Qiagen, Hilden, Germany) on week 3 

of osteogenic differentiation. Single-stranded cDNA was created with the aid of a reverse 

transcription kit (Invitrogen) and employed as a template for real time-Polymerase Chain 

Reaction (PCR) with Taqman® gene expression assays using ABI7500 Prism (Applied 

Biosystems, Carlsbad, CA, USA), as previously described (Zhang et al. 2002). Quantitative 

RT-PCR was performed to quantify the expression of the osteogenic genes Osteopontin 

(Opn), Collagen 1 (Col1) and Bone-sialoprotein (BSP). The housekeeping gene 18S was 

used as a to normalize the data, non-differentiating cells (day 0) was used as calibrator 

sample to quantify the relative gene expression (RQs).

2.6 Immunofluorescence

Four weeks after seeding the cells were fixed for immunostaining using 4% formaldehyde. 

Nonspecific antigens were blocked by applying a blocking serum–free solution (Dako, Santa 

Clara, CA, USA). Chips were stained with primary antibodies against mouse BSP (1:100 

Cat# MBS176061, MyBiosourse, San Diego, CA, USA), Col1 (1:250 Cat# ab21286, 

Abcam, Cambridge, MA, USA) and OC (1:100 Cat# PA1–85754, ThermoFisher Scientific) 

to examine osteogenic differentiation. The primary antibodies were applied into the chips, 

incubated in 4 °C overnight, and washed off using PBS; the chips were then incubated with 

secondary antibodies (Supplemental Table 1) for 1 h in room temperature, after which they 

were washed off with PBS. The chips were then stained with 4′,6-diamidino2-phenylindole 

dihydrochloride (DAPI, 1 μg/mL) for 5 min in the dark, followed by washing 3 times with 

PBS. A Vecta-Mount mounting medium (Vector Laboratories, Burlingame, CA, USA) was 

applied into the bone-chip. The chips were imaged using a 4-channel Laser Scanning 

Microscope 780 (Zeiss, Pleasanton, CA, USA) with 10 × magnification lens, z-stacking, and 

tile scanning. For zoom-in images, a single z-stacked image was generated using 10 × 

magnification. All chips were scanned using the same gain and exposure settings.

3 Results

3.1 V iability

Cells growing on the bone-chips under a constant flow of media showed higher proliferation 

than the cells growing in static conditions. The microscopic images show proliferation of the 
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cells under flow conditions, achieving 100% confluence 14 days after seeding. In 

comparison, the cells grown in static media were not as confluent and lacked the MSC 

characteristic fusiform shape (Fig. 1a). However, the BLI signal generated by the 

constitutively expressed luciferase reporter gene, reflecting the cell survival and 

proliferation, demonstrated a notable advantage to the flow system in qualitative analysis 

(Fig. 1b). Quantitative analysis showed a significantly higher signal in the flow-culture 

group beginning a week after cell seeding (Fig. 1c). The cells in the bone-chips maintained 

under continuous flow demonstrated an elevation in the measured BLI signal indicating 

proliferation, while the cells in the static group has yielded a constant BLI signal denoting 

survival, but no proliferation.

3.2 Optical imaging of osteogenesis

The micro-engineered environment with flow had positive effect on osteogenic 

differentiation compared with static cultures (Figs. 2, 3). This effect was observed in 

fluorescent imaging of osteogenic differentiation probes using two different systems—FLI 

and NIRI (Fig. 2). The probes can be detected using different wavelengths of fluorescence, 

therefore, both probes could be added simultaneously and imaged separately. The FLI 

quantification of OsteoSense 650, performed 3 weeks after seeding, showed significantly 

higher osteogenic differentiation of the cells growing inflow conditions, and both were 

significantly higher than the control, MSC-BMP2 cells in which differentiation was halted 

by tetracycline supplementation (Fig. 2a, b). The fluorescent signals measured in the static 

and the flow cultures were higher than the control: the static by the significance of P < 0.05 

while the flow by the significance of P < 0.001. In response to the BoneT ag800 probe, on the 

other hand, most live cells produced a very low BoneTag 800 FLI signal, comparable to the 

signal displayed by control cells (Fig. 2c). The NIRI system is considered more sensitive and 

provides a more accurate quantification of signal. Here, we show that this system is capable 

of detecting a similar trend (Fig. 2d); the OsteoSense650 signal detected by NIRI was 

significantly higher in the flow culture comparing to both static culture and control (Fig. 2e), 

while the use of BoneTag 800 probe did not produce signal higher than the control using both 

imaging systems (Fig. 2f).

3.3 Gene expression

The gene expression analysis was performed after 3 weeks of culture in osteogenic media, to 

validate the findings obtained by imaging methods. The analysis confirmed the osteogenic 

differentiation of the MSC-BMP2 cells in both static and flow conditions, showing 

overexpression of Osteopontin (OPN), Collagen type 1 and Bone Sialoprotein (BSP) in all 

cells, but significantly higher expression of Collagen type 1 and BSP was observed in the 

cells cultured in flow conditions comparing to static culture (Fig. 3a). The osteogenic genes 

were elevated in the static culture to 1–2 times comparing to non-differentiating cells. In the 

flow cultured cells, the OPN expression was tripled, the BSP expression raised by factor 5 

and the Collagen-1 expression was increased by factor 6.

3.4 Immunofluorescence

To further affirm the imaging results, immunofluorescent staining was performed for the 

Osteocalcin and BSP markers on whole bone-chips (Fig. 3b) and transverse sections across 
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the channels (Fig. 3c). The staining shows cells on both sides of the membrane in both 

conditions, but mainly in the top channel. In both conditions, there was positive staining for 

both markers, indicating osteogenic differentiation, being the staining more prominent in the 

bone-chips that were cultured underflow. When we stained against Collagen-1 in the whole 

chip, confocal microscopy revealed prominent expression in the flow group, while only mild 

expression was detected in the static cultured chip, comparing to null expression in the 

control group (Fig. 3d).

4 Discussion

The bone-chip channel design provides a platform for optical imaging of the cells (Huh et al. 

2010; Korin et al. 2012). The cell response to environmental clues can be tested in vitro 

without the need to harvest the cells. Furthermore, the chips are composed of a membrane 

that may be coated covalently or non-covalently with any desired ECM components 

allowing recapitulation of the cell’s natural environment. Additional prominent advantage is 

the ability to control and to manipulate the flow sensed by cells, which has a known effect 

on cell differentiation as shown in several models (Polacheck et al. 2014; Jain et al. 2016). 

Measurements performed in a model similar to ours have shown that the flow of about 1–5 

dynes cm2 (Huh et al. 2013) applied forces that enhanced osteogenic differentiation of 

MSCs, induced by BMP-2 (Liu et al. 2012; Moore et al. 2011). Previously, we have shown 

that microfluidic flow can be used to pattern osteogenic differentiation of MSC bearing the 

Tet-offBMP-2, by patterning the delivery of BMP-2 modulator doxycycline (Zhang et al. 

2011), although we were able to demonstrate osteogenesis only using aforementioned 

imaging techniques that require termination of the culture—ALP and Von Kossa stains, 

calcium deposition measurement and immunohistochemistry against Bone-sialoprotein. We 

hypothesized that optical imaging may enable non-invasive monitoring of cell proliferation 

and differentiation. We could demonstrate that BLI of cells continuously expressing the 

luciferase gene can faithfully reflect cell proliferation and detect superior proliferation when 

it was present under the flow conditions (Fig. 1). Next, we showed that using FLI to discern 

a targeted molecular probe allows detection of osteogenic differentiation, which implies 

secretion of osteogenic ECM (Fig. 2). The OsteoSense650 probe is a fluorescent probe 

attached to a bisphosphonate, that targets the molecule to newly secreted bone-matrix as it 

ossifies. As expected following our previous in vivo studies (Sheyn et al. 2013), we found 

that the osteoid-targeted OsteoSense650 probe facilitated to monitor osteogenesis and even 

discerned more rigorous differentiation comparing to moderate differentiation, as confirmed 

by gene expression analysis and immunofluorescence (Fig. 3). The BoneTag800 which 

serves as a calcium chelator, could not be used to produce meaningful data, yet it might be 

used for cultures sustained for longer periods when the culture is expected to mature. Only 

the combined use of the IVIS system and the NIR imager, conceived to read out smaller 

samples such as western blot gels, has assembled a finer image of the differentiation process. 

We infer the IVIS can be used in our system to answer a yes/no question: is there any 

differentiation? While the NIR imager can be used to answer a more delicate question: 

what’s the extent of the desired differentiation?

In recent years, several other methods have been proposed for the nondestructive monitoring 

of differentiating in vitro systems, including microscopic magnetic resonance imaging for 
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the monitoring of the changes in tissue stiffness during in vitro osteogenesis (Xu et al. 

2006), or nuclear imaging of a tracer for the quantification of secreted osteogenic ECM 

(Tobias et al. 2016). In addition to the optical imaging, we also experimented with non-

invasive monitoring of cell differentiation by micro-computed tomography (data not shown). 

However, due to low signal-to-noise ratio of the 2 layers of cells on relatively radiopaque 

PDMS, we concluded that it could not demonstrate the osteogenic differentiation and 

mineral deposition. We find our approach accessible and easy to follow since to implement it 

there is no need of special devices or instruments, rather widely used experimental 

equipment available to most of the research community. To mention a few, we believe that 

the optical imaging can be used not only for regenerative medicine oriented research but also 

to metabolism research and to disease modeling using any of the commercially available 

probes for hypoxia (Woolf et al. 2015), metabolism (Ocak et al. 2015), inflammation 

(Shanmugam et al. 2015) and others. Also, the genetic tagging by the luciferase transgene 

can be used as a reporter to virtually any promoter, including prokaryotic genes (Bergmann 

et al. 2013).

Our model is the first step in the further development to mimic the regenerating bone in finer 

ways. One example would be to use the bone-chip and induce different mechanical forces 

that are often exerted on healing fracture, such as stretch, as shear force is shown to play a 

key role in differentiation and gene expression (Huh et al. 2010). Different bone ECM 

components may be used, such as Collagen type 1, Osteopontin, Bone Sialoprotein to 

recreate the in vivo bone microenvironment. The flow can be used to introduce the system 

with chemokines that are known to play a role in in vivo fracture healing, such as TNF-alpha 

and IL-17 (Chang et al. 2013), or systemically administrated osteogenic therapies such as 

parathyroid hormone (Cohn Yakubovich et al. 2017a, b). The outflow can be collected and 

analyzed for the cell secretome (Wang et al. 2016). In the future, the chip may be used to 

study the relation of regenerating bone to adjacent tissues including tendon and cartilage. 

Furthermore, the molecular optical imaging may be integrated into the next generation of the 

multisensory-organ-on-a-chip (Zhang et al. 2017a) which will allow correlation of cell 

differentiation to secreted cell markers (Riahi et al. 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Cell survival and proliferation on the bone-chip. Micrographs of the cells in the bone-chip 

grown for 2 weeks were taken biweekly, in osteogenic conditions with or without flow. a 
Bioluminescent images taken on the same time points using IVIS imaging system. The 

images are relative, and the scale of the color code is depicted on the right side of each 

group (b). Quantitative analysis of total BLI imaging that was done for 2 weeks (c, bars 

indicate SD, n = 5, ***P < 0.01; ****P < 0.001)
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Fig. 2. 
Live-monitoring of MSCs osteogenic differentiation on a bone-chip. The differentiation was 

evaluated 3 weeks after seeding with Os teoSense650 and BoneTag800 probes, that were 

added to the media for 24 h and washed off prior to imaging performed using two different 

imaging systems; fluorescent imaging system (a), the labeling was quantified using IVIS 

(B&C for OsteoSense650 and BoneTag800, respectively. n = 5, *P < 0.05; ***P < 0.001 bars 

indicate standard deviation), and near infrared imaging system (d NIRI performed using 

Odyssey® CLx, Li-Cor), which allowed quantification as well (e, f, n = 5, *P < 0.05; ***P < 

0.001 bars indicate standard deviation)
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Fig. 3. 
Validation of MSC-BMP2 differentiation in a bone chip. Gene expression of the osteogenic 

markers Osteopontin (OPN), Bone-sialoprotein (BSP) and Collagen-1 (Col1) was evaluated 

3 weeks after seeding using qRT-PCR (a, n = 5, *P < 0.05; Bars indicate standard deviation). 

The cells were fixed, bone-chips were sectioned using vibratome across the channels and 

stained for Osteocalcin and BSP (b). Other chips were fixed, whole chips were fluorescently 

stained against the same osteogenic markers and imaged in × 10 magnification (c). Whole 

chips were stained for Col1 and the entire chip was imaged using confocal microscopy (d). 

In other sample, set staining was performed against Osteocalcin (Oc), BSP and Col1 and 

imaged using confocal microscopy (e)
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