
Bioreactor system to apply shear stresses to stem cells in vitro for studying mechanobiology 
  
Scope: Control and evaluate a low-cost bioreactor system to apply user-defined magnitudes of shear 
stress to mammalian cells in culture to explore scientific questions in mechanobiology.  
 

 Background: Cells embedded in tendon experience shear stresses as the collagen fibers slide past 
each other during mechanical stimulation (Figure 1A). These shear stresses have the potential to impact 
the biological response of the tendon cells. Investigating how shear stresses regulate cell behavior are 
needed to better understand the mechanobiology of tendon. Dr. Nathan Schiele’s (Chemical & Biological 

Engineering, University of Idaho) tendon tissue engineering laboratory is interested in studying how shear 
stress impacts the differentiation of stem cells toward to tendon lineage (tenogenesis) and tendon 
formation. To conduct these studies, a bioreactor system has been designed that can apply fluid shear 
stress to cells in culture (Figure 1B,C). While this system appears to be effective, there is a need to refine 
and validate the design. Specifically, the control system can be reduced to a single microcontroller and 
integrated into a web interface (web-ui). Further, the device needs to be validated for in vitro cell culture.  
 

Specific Design Requirements: 

• Fit inside a standard cell culture incubator (~14” W, 12” H, 12” L)  

• Maintain and withstand incubator conditions needed for mammalian cell culture (37oC, CO2 at 
5%, and ~95% relative humidity) 

• Control shear stress applied to the cells with magnitudes from 0 to 150 mPa (Maeda et al., 
2011) for longer term (days to weeks), or 2 Pa for shorter term (seconds to hours) experiments 

• Apply constant or cyclic shear stress (frequency range from 0 to 2 Hz) with shear stress 
application times of 0 to 24 hrs/day 

• Maintain stimuli and culture conditions for up to 21 days 

• Cell culture usage should be kept to a minimum to reduce cost of experiments (for example a 
typical 6-well has a working volume of 2 mL and T75 culture flask has volume of 10 mL) 

• Components placed inside the incubator must be able to be sterilized (autoclave or 70% 
Ethanol)  

• User friendly web interface that is controlled via a single microcontroller 
• Low-cost to be easily replicated across different labs (maximum budget of $1500) 

 

Reference:  
Passini FS e al., Shear-stress sensing by PIEZO1 regulates tendon stiffness in rodents and influences jumping performance in 
humans. Nat Biomed Eng. 2021 May 24. doi: 10.1038/s41551-021-00716-x. Epub ahead of print. PMID: 34031557. 

 
 
 
 
 

Figure 1. A) Cells in tendon experience shear stress as collagen fibers slide past each other during tendon 
stretching (Passini et al., 2021). B) Schematic for the shear stress bioreactor system.  C) Culture chamber where 
fluid shear stress is applied to cells.  
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BAPTA-1) loading34. At rest, Ca2+ levels averaged 43 ±  4 nM (mean 
±  s.d.); however, after tissue stretching, Ca2+ levels increased by 
18 ±  6 nM reaching on average 61 ±  8 nM (Fig. 1f). Similar Ca2+ ele-
vations of 16 ±  9 nM were detected in spontaneous signals, indicat-
ing that the stretch-induced Ca2+ responses were in the physiological 
range (Fig. 1g). Taken together, we observed a mechanosensitive 
Ca2+ response in tenocytes that depends both on the magnitude and 
rate of the tissue stretch.

Shear stress triggers Ca2+  signals in isolated tenocytes. During 
tissue stretching, collagen fibres—the load-bearing elements of 
the extracellular matrix—slide past each other35. Tenocytes reside 
between these fibres and are therefore exposed to mechanical shear. 
As fibre sliding is the predominant mechanism enabling the exten-
sion of tendon fascicles35, we wondered whether shear stress could 
be the primary mechanical stimulus for tenocytes. We therefore 
quantified the fibre sliding by tracking cells from image sequences 
obtained at low strain rates and by comparing interfibre displace-
ments (Fig. 2a) and, using a physical model, we calculated the result-
ing shear stress, which ranged between 2 Pa and 6 Pa depending on 

the cell height (Fig. 2b). Our analysis suggests that shear-stress lev-
els may vary across cellular domains of tenocytes, probably being 
highest around narrow protrusions and lowest around the cell body. 
To test our prediction, we developed a microfluidics flow chamber 
that enables simultaneous Ca2+ imaging and shear-stress stimula-
tion of isolated primary tenocytes stained with Fluo-4 (Fig. 2c and 
Supplementary Fig. 3; further details are provided in the Methods). 
Exposing tenocytes to a shear stress of 5 Pa, which occurs during 
tissue stretching, triggered a prominent Ca2+ response (Fig. 2d and 
Supplementary Video 4). The magnitude of shear-stress stimulus 
determines the percentage of responsive cells (Fig. 2e) as well as 
the amplitude and duration of the Ca2+ response (Supplementary  
Fig. 4). A Ca2+ response in about 50% of tenocytes is induced by a 
shear stress of 3.3 Pa, which falls well within the range of the cal-
culated shear stress that occurs during tissue stretching (Fig. 2b). 
Together, this confirms the role of shear stress as a key mechanical 
stimulus for tenocytes, which show similar responsiveness across 
anatomical regions (Fig. 2f).

We noticed that Ca2+ signals typically start at the cell periphery 
both in isolated and in tissue-resident tenocytes (Fig. 2g). This 
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Fig. 2 | Shear stress as a key stimulus driving Ca2+  signals in isolat ed tenocytes. a, Fibre sliding quantified on the basis of imag es of rat fascicles stretched 

at a low strain rate (Fig. 1c,d) by measuring the relative displacements between adjacent fibres. Data are mean± s.e.m. for each of the n= 7 fascicles. The 

corresponding mechanical thresholds are indicated by red squares and were defined as the tissue strain at which 50% of the cells showed the first Ca2+ 

signal (Fig. 1d). b, Theoretical shear stresses that act on tenocytes due to fibre sliding. Shear stresses were calculated for three different levels of fibre 

sliding (0.5%, 0.75% and 1.0%). The predicted mechanosensitive zone of tenocytes is shown as a grey box. c, Schematic of the flow chamber used for Ca2+ 

imaging of isolat ed tenocytes during shear-stress stimulations. The flow chamber included aligned micr ochannels to promote a native cell morphology. 

Scale bar, 20 m. d, Shear stress (5Pa for 5s, onset indicat ed by arrow) induces Ca2+ signals in human t enocytes. F/ F = (F(t) −  F0)/ F0, where F(t) is the 

fluorescence signal at a given time ( t) and F0 is the baseline fluorescence signal. n= 12 chambers, cells from flexor digitorum tendons, n= 3 human donors. 

e, Tenocytes display an increased response rate with increasing shear stress. For each condition, n 4 chambers, cells from flexor digitorum tendons, n= 2 

or 3 human donors. A nonlinear fit with hill slope ( =
+

; h= 1.854; R2 = 0.862) was performed to identify the shear-stress threshold, which was 

defined at 50% of the fit and corresponds to the shear stress at which 50% of the cells show a Ca2+ signal. f, There was no difference in the Ca2+ response 

to shear stress (5Pa for 5s) in tenocytes from different anatomical locations. For each condition, n 9 chambers, cells from 2 or 3 human donors. Statistical 

analysis was performed using one-way ANOVA with testing for multiple comparisons (Tukey test). Flex. digit., flexor digitorum; semitend., semitendinosus. 

g, Representative images of Ca2+ signals originating at the cell periphery (indicat ed by arrows) observed in hundreds of cells, both in vitro (shear stress, 

cells from a human flexor digitorum tendon) and in situ (tissue stretch, cells in a rat tail tendon fascicle). Scale bars, 20 m. Replicates are biological. Data 

are mean± s.e.m.
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