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Abstract

Cells respond to their mechanical environment by initiating multiple mechanotransduction 

signaling pathways. Defects in mechanotransduction have been implicated in a number of 

pathologies; thus, there is need for convenient and efficient methods for studying the mechanisms 

underlying these processes. A widely used and accepted technique for mechanically stimulating 

cells in culture is the introduction of fluid flow on cell monolayers. Here, we describe a novel, 

multifunctional fluid flow device for exposing cells to fluid flow in culture. This device integrates 

with common lab equipment including routine cell culture plates and peristaltic pumps. Further, it 

allows the fluid flow treated cells to be examined with outcomes at the cell and molecular level. 

We validated the device using the biologic response of cultured UMR-106 osteoblast-like cells in 

comparison to a commercially available system of laminar sheer stress to track live cell calcium 

influx in response to fluid flow. In addition, we demonstrate the fluid flow-dependent activation of 

phospho-ERK in these cells, consistent with the findings in other fluid flow devices. This device 

provides a low cost, multi-functional alternative to currently available systems, while still 

providing the ability to generate physiologically relevant conditions for studying processes 

involved in mechanotransduction in vitro.
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1. Introduction

Cells respond to their mechanical environment by activating biochemical signaling 

pathways, a process known as mechanotransduction. Mechanotransduction regulates diverse 

physiologic function in healthy cells and burgeoning evidence implicates dysregulation of 

mechanotransduction cascades in disease pathology (Jaalouk and Lammerding, 2009). 

Given that these mechanotransduction pathways often integrate multiple signaling events, 

there is a growing interest to identify key signaling nodes that can be targeted to modulate 

outputs that drive physiology or disease.

In the skeletal system, osteocytes sense mechanical strain within bone and respond with 

mechanotransduction signals (e.g., calcium (Ca2+), nitric oxide, extracellular ATP) and the 

expression of factors (e.g. receptor activator of NFκB ligand (RANKL) and sclerostin) that 

control the activity of bone resorbing osteoclasts and bone forming osteoblasts (Bonewald 

and Johnson, 2008; Klein-Nulend et al., 2013; Oftadeh et al., 2015; Rubin et al., 2006; 

Thompson et al., 2012; Turner et al., 2009). Given that fluid flow through the lacunar-

canalicular network generates shear stress driving mechanotransduction in bone (Klein-

Nulend et al., 2013), fluid flow is most often used to interrogate osteocyte response to 

mechanical load.

A number of commercially available (de Castro et al., 2015; Espinha et al., 2014; Genetos et 

al., 2005; Michael Delaine-Smith et al., 2015) and do-it-yourself (Aryaei and Jayasuriya, 

2015; Burra et al., 2010; Shemesh et al., 2015) systems have been developed to model fluid 

flow in osteoblast and osteocyte-like cultured cells and each has its own limitations, such as 

limited throughput and/or functionality. We have designed a multifunctional fluid flow 

device (FFD) that when paired with standard 96 well culture plates and a commonly used 

fluid flow apparatus (e.g., peristaltic pump, syringe pump, pressurized or gravity flow 

system), provides the user a versatile, cost-effective device that can be easily used for both 

live cell imaging and molecular biology applications. Further, this device is scalable and can 

be adapted to medium-to-high throughput application.

2. Materials and methods

2.1. Cell Culture

UMR-106 rat osteoblast-like cells (ATCC) were cultured in DMEM media containing 10% 

FBS and cultured at 37°C, 5% CO2, as described (Gupta et al., 2016). Media was changed 

every two to three days.

2.2 Device Design

The multi-functional FFD is designed for applying fluid flow to a single well of a typical 96 

well assay plate (Fig. 1A). The FFD has an inlet port situated in the center of the well and an 

outlet port slightly offset to one side (Fig. 1B). The FFD is tapered to allow a firm fit in a 

single well of the multi-well plate (Fig. 1C). The FFD is designed to pair with any standard 

size 96 well assay plate and can be connected to any commercially available fluid flow 

control system (i.e., peristaltic pump, syringe pump, pressurized or gravity flow system). 

Furthermore, this device can be scaled up to accommodate larger tissue culture dishes and 
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can be multiplexed to apply fluid flow to multiple wells simultaneously within the 96 well 

plate.

2.2. Fluid Flow Simulation

SolidWorks 2015 Flow Simulation software was used to perform computation fluid 

dynamics on the FFD and simulate the flow environment inside the well during flow. The 

FFD was drawn to scale with a fully enclosed geometry. Two boundary conditions were set 

for the flow simulation, inlet pressure and outlet flow volume. The inlet pressure set to 

542.85 dynes/cm2 (calculated from our flow rate, 35 mL/min and tubing diameter, 1.5 mm) 

and set to pulsate at 6 Hz to simulate pulsatile flow from our peristaltic pump.

In order to determine the pressure, we used the known inlet diameter and flow rate. The flow 

velocity (cm/sec) was calculated using the known flow rate set by our pump and area of the 

inlet (calculated from the known diameter) using the equation:

Where v = velocity, Q = flow rate, and A = area of the inlet. Using the calculated velocity, 

we determined the pressure in Pascals using the Navier-Stokes equation simplified to 

Bernoulli's equation:

where ρ = density, V = velocity, p = pressure, g = gravity, and z = height. In order for 

Bernoulli's principle to hold true for our system, the following assumptions were made: (1) 

flow buffer is a Newtonian fluid, (2) the flow is incompressible, and (3) there is no friction 

inside the flow. The outlet flow volume was set to 5.8 × 10−7 m3/s. For all simulations, the 

flow buffer was assumed to be similar to water (i.e., density = 1 g/cm3).

2.3. Calcium imaging

UMR106 cells (40,000 cells/cm2) were seeded in an Ibidi μ-slide I and into a Corning 96 

well special optics plate, which has an optically clear bottom for optimal fluorescence 

imaging. Cells were loaded with 5μM Fluo-4 AM ester for 30 minutes, washed, and allowed 

to rest for 15 minutes to allow dye de-esterification, as described (Kerr et al., 2015). 

Individual wells/slides were imaged on an inverted fluorescence microscope equipped with a 

mercury light source, Ludel excitation filter wheel (ex: 485) and a Photometrics Cool Snap 

HQ (em: 510-535). All imaging automation was controlled by IP Lab with methods 

previously described (Kerr et al., 2015). fluid flow was induced during real-time Ca2+-

imaging using the same Gilson Minipuls 3 peristaltic pump and the same 1.5 mm silicone 

tubing for both conditions. The pump flow rate was adjusted to achieve the same fluid flow 

stress in both vessels as previously reported for the Ibidi chambers(Huesa et al., 2010) and 

based on our computational fluid simulation for the FFD.
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2.3. Western blotting

Western blots were performed on whole cell extracts from UMR106 cells prepared 

immediately following exposure to fluid flow, as described (Hebert and Stains, 2013). Blots 

were probed for phospho- or total ERK1/2 (Cell Signaling Technologies), phospho- or total- 

pan-PKC (Cell Signaling Technologies), and GAPDH (Millipore), as described (Niger et al., 

2012; Niger et al., 2010). Western blots were quantitated using ImageJ, as described (Liu et 

al., 2015).

2.4. Statistical Analysis

Unless indicated, all data were an average of three independent experiments. Data are 

presented as mean ± standard deviations. Data were assessed for statistical significance by 

student's t-test using GraphPad Prism (v6) (GraphPad Software, La Jolla, CA, USA). P<0.05 

are considered statistically significant.

3. Results

3.1. Computational Fluid Dynamics

The results of the fluid flow simulation indicate that the fluid flows through the inlet of the 

FFD, where it impacts the bottom of the well and then spreads radially and evenly (Fig. 2A). 

Then the fluid flows up the walls of the well before being pulled through the outlet of the 

FFD, without interrupting the flow across the bottom of the well (Fig. 2B). In addition to 

flow trajectories, the computational solver calculated dynamic pressure (Fig. 3A), flow 

velocity (Fig. 3B), turbulence intensity (Fig. 3C) inside the well, and the average shear stress 

at the bottom surface of the well (Fig. 3D). Under the described conditions, the cell 

monolayer cultured on the bottom of the tissue culture vessel are subjected to a uniform 

average 4 dynes/cm2 of shear stress (Fig. 3D). Further, the velocity trajectories indicate that 

the flow across the bottom surface of the well is uniform such that the entire well of cells 

will be subjected to the same forces (Fig. 2). The turbulence intensity within the system 

without the addition of cells is extremely low, 0.65% (Fig. 3C). These findings show that the 

FFD mimics physiologic fluid flow reported to be experienced by bone cells in vivo 
(Cardoso et al., 2013).

3.2. Device Validation

It is well established that osteoblasts, including UMR106 osteoblast-like cells, are mechano-

responsive with fluid flow inducing a rapid influx of Ca2+ across the plasma membrane (Ban 

et al., 2011; Hung et al., 1995; Ishihara et al., 2013; Jing et al., 2013; Su et al., 2011; Suzuki 

et al., 2013; Thompson et al., 2012; Xing et al., 2011; You et al., 2001; Zhang et al., 2006). 

We validated the FFD by comparing fluid flow-induced Ca2+ influx with this device to that 

obtained with the widely used Ibidi chamber; a commercially available device that allows 

biologically relevant laminar flow derived shear stress on cells cultured within the chambers. 

Comparing the response of UMR106 cells between both devices yielded virtually 

indistinguishable peak Ca2+ magnitudes and elevation/decay kinetics of Ca2+-dependent 

fluorescence (Fig. 4). To validate that this Ca2+ influx is biologically relevant, western blot 

analysis was performed for activation of PKC signaling, a ubiquitous Ca2+-dependent 
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signaling pathway. Indeed, a rapid phosphorylation of PKC was observed in response to FSS 

(Fig. 5.)

In addition to Ca2+ influx, fluid flow initiates ERK signaling in osteoblasts, including 

UMR106 cells (Kapur et al., 2004; Triplett et al., 2007; Wadhwa et al., 2002; Weyts et al., 

2002). We tested the response of UMR106 cells seeded in a 96 well tissue culture plate and 

subjected the cells to 4 dynes/cm2 of shear stress for 1 minute. After flow, the cells were 

immediately lysed and examined by western blot. Consistent with the literature, fluid flow-

induced rapid activation of ERK signaling as indicated by an increase in phosphorylated-

ERK (Fig. 5). These data support the notion that the FFD generates a physiologic conditions 

and biological responses comparable to the accepted commercially available methods.

3.3 Device Multiplexing

In order to demonstrate the multiplexing capability of the FFD to be used for simultaneous 

independent replicates, we performed western blot analysis on whole cell extracts from 

UMR106 cells subjected to fluid flow simultaneously in separate wells (Fig. 6A). Indeed, we 

observe similar activation of both phospho-ERK and phospho-PKC signaling across each 

well (Fig. 6B). These data demonstrate the consistent stimulation and biological responses 

among cells simultaneously exposed to fluid flow conditions across independent wells.

4. Discussion

We have designed a fluid flow device to enable cell-based assays of fluid flow-dependent 

mechanotransduction. This FFD addressed the lack of a cost-effective and functionally 

flexible platform for these measures. Our approach was to design a low-cost flexible 

perfusion apparatus that, when coupled with commercially available 96 well plates and 

commonly available perfusion apparatus, yields such a system. Importantly, model 

simulations revealed that the FFD delivers physiologically relevant fluid flow to cultured 

cells. We also show that fluid flow with the FFD yielded quantitatively similar results to 

those reported with a commercially available system (Huang et al., 2015; Hung et al., 1995; 

Roy et al., 2014). As in the Ibidi system, a uniform induction of Ca2+ influx is observed in 

all cells in response to fluid flow in the FFD regardless of the cell's position in the well, 

supporting the modeling of uniform fluid flow. Together the results support the FFD as a 

reliable and valid solution to the shortcomings of commercially available fluid flow systems 

(i.e., cost and functionality).

The design of the FFD yields several important advantages over other fluid flow systems. 

First, the FFD couples to commercially available 96 well plates. This format supports both 

imaging as well as molecular and biochemical analyses using the same device. Indeed, we 

were unable to recover sufficient amounts of protein from the Ibidi chambers to perform 

analysis of signaling events by western blotting, underscoring the multifunctional 

applicability of our device. Using the same device for every experiment, rather than a device 

specifically for imaging and another device specifically for molecular and biochemical 

analyses, reduces experimental variables (Anderson et al., 2006). Furthermore, this format 

also allows expandability to a medium-to-high throughput cell culture platform if multiple 

FFDs are used in the same plate with a multichannel peristaltic pump, obtaining fully 
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independent replicates for each sample. Supporting this notion, our western blotting data 

demonstrate the consistent biological response to fluid flow among simultaneously 

stimulated wells using the multiplex format. Second, the FFD supports various fluid flow 

systems, which expands the flexibility and versatility of this system. Taken together, the 

FFD design provides a flexibility in function that is unparalleled by any currently available 

commercial solutions. Third, a significant advantage of the FFD is the cost savings. Current 

commercial devices that incorporate a culture platform enclosed in a perfusion chamber can 

be prohibitively expensive. While these chambers are more cost effective than full 

commercial systems that cost upwards of $30K, the FFD presented here offers a significant 

cost-savings given the estimated cost of a few dollars per unit plus the cost of a 96 well 

plate.

In conclusion, the FFD presented here overcomes a variety of drawbacks that are associated 

with currently available models (Sorkin et al., 2004). This FFD is highly versatile in its 

functionality and cost substantially less. Also, the device delivers physiologically relevant 

fluid flow conditions to cells in monolayer culture. The device elicits biological responses in 

osteoblast-like cells similar to what is reported in the field (Huang et al., 2015; Hung et al., 

1995; Roy et al., 2014). Overall, this device provides an improved method for studying the 

response of not only bone cells, but also any mechano-responsive cell type in vitro and will 

help advance the study of mechanotransduction.
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Figure 1. 
Computer rendering of the novel FFD. (A) Design of the FFD. (B) Section cut of the FFD to 

show the inlet and outlet channels within the device. (C) The FFD interfacing with a typical 

96 well assay plate.
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Figure 2. 
Vector lines indicating fluid flow trajectories. (A) Trajectories of flow from the front section 

view and a top view. (B) Up close view of the inlet and outlet trajectories within the well of 

the plate. Data were determined using SolidWorks 2015 Flow Simulation software.
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Figure 3. 
Computational fluid dynamics. (A) Simulated dynamic pressure within the device and well. 

(B) Simulated velocity within the device and well. (C) Simulated turbulence intensity within 

the device and well. (D) Simulated shear stress at the bottom surface of the well. 

Computational trace of the average shear stress at the bottom surface of the well over time. 

Data were determined using SolidWorks 2015 Flow Simulation software.
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Figure 4. 
Real-time Ca2+ imaging of UMR106 cells during application of fluid flow. (A) Fluo-4 Ca2+ 

indicator dye fluorescence before (basal) and during flow (response) of cells seeded in both 

the Ibidi chambers and a 96 well plate with the FFD. Red line in image sequence indicates 

start and duration of fluid flow. Highlighted boxes indicate peak calcium responses. (B) 

Traces of average Ca2+ indicator dye fluorescence intensity over time scaled to same basal 

level of fluorescence intensity are shown in bold lines. Gray overlay traces represent the 

Ca2+ response of individual cells in the well. (C) Peak change in Ca2+ indicator dye 

fluorescence intensity and elevation/decay kinetics of Ca2+-dependent fluorescence. NS, not 

statistically significant.
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Figure 5. 
Western blot analysis of UMR106 cells exposed to fluid flow in the FFD. Fluid flow induced 

rapid activation of PKC signaling and ERK signaling as indicated by an increase in 

phosphorylated PKC and phosphorylated ERK. Data are from the same gel and exposure. 

ImageJ quantification of western blot relative to GAPDH. Double asterisks (**) indicate 

statistical significance at p<0.01. Triple asterisks (***) indicate statistical significance at 

p<0.001.
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Figure 6. 
Demonstration of the multiplexing capability of the FFD. (A) Example of the multi-channel 

peristaltic pumped used when multiplexing the FFD and a computer rendering of the FFD 

multiplexed in a single 96 well assay plate across 6 independent wells. (B) Western blot 

analysis of UMR106 cells simultaneously exposed to fluid flow in separate wells. ImageJ 

quantification of western blot analysis relative to GAPDH. Asterisks indicate statistical 

significance at p<0.05. Double asterisks (**) indicate statistical significance at p<0.01.
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