Live Cell Analysis under Shear Flow - Figures
Figure 1 
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Figure 1. Overview of the well plate microfluidic (WPM) system. (A) Fabrication of the WPM device involves creating a laminate consisting of an SBS well plate, a molded PDMS layer which forms the ceiling and side walls of the channel, and a #1.5 borosilicate glass coverslip which forms the floor of the microfluidic channel. (B) Multiple experiment parallelization is enabled via repeating a pattern of channels over the full plate resulting in up to 24 independent assay channels. Two independent channels of an example device (with a range of 20–200 dyn/cm2) are shown here.  (C) A set range of pneumatic pressures is used to create fluid flow within the device; altering the geometry of the channel enables a variable shear range with a set pressure range. (D) The WPM device can be used as part of an inverted microscope.  (adapted with permission from Conant et al. 2011)
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Figure 2. Cellular response to physiological flow.  (A) A good example of where shear plays an important role in vivo is the biology of the endothelium, which is always under blood flow.  When endothelial cells are grown under shear flow there are changes in cell signaling leading to morphological and functional changes in cell behavior.  Endothelial cells were exposed either to very low shear <0.02 dyn/cm2 (top) or to relatively high shear 2 dyn/cm2 (bottom) for a duration of 16 hours.  A change in cellular morphology and polarity was observed.  (B) HUVECs expressing actin-GFP (green) and NLS-RFP (red) were imaged in time lapse during pulsatile flow at a maximum amplitude of 5 dyn/cm 2 for 1.2 Hz. Cells were found to begin reorientation within an hour of flow commencement. At the endopoint of pulsatile shear experiments (24hr), cells were stained with phalloidin-Alexa 488. There is a marked difference in actin polarity as well as monolayer density. High molecular weight dextran was added to extend flow times in channels with high flow magnitudes to extend duration of experiments. Scale bar is 100 microns and all flow is from left to right.
Figure 3
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Figure 3.  Stem cell differenciation under flow.  Micrographs of Mesenchymal Stem cells before (start) and after flow. Scale bars = 50μm. Arrow indicates vWF expressing cells in the VEGF-flow conditon. All fluorescence micrographs are after 48 hours of continous flow or no flow as indicated.

Figure 4
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Figure 4. Shear regimes and platelet aggregation.  Receptor–ligand interactions together with shear rate are important for platelet aggregation. Receptors (gray bars) and ligands (orange) are shown with respect to the shear range in which they play a dominant role during platelet aggregation.  (adapted with permission from Conant et al. 2011)
Figure 5
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Figure 5.  Thrombus formation in channels at high shear. (A) Timelapse of 10 min at 125 dyn/cm2, at 30 s intervals. The width of the channel is 250 microns, and flow is from left to right.  Channel is coated with vWF prior to flow. Shown (B) is the intensity (arbitrary units) over the timelapse for six replicate channels. Three locations per channel were imaged; inset legend depicts approximate location of interrogation.  (C) Well plate microfluidic inlet designs for high-shear flow and effect on thrombus formation. CAD designs of test channels (left panels). Channel vias are represented by dashed red circles. Position of micrograph is indicated with arrow A (microfluidic channel entrance) and arrow B (neckdown region prior to viewing window; middle panels) corresponding platelet behavior under maximum shear at well-channel border (right panels), and platelet behavior at neckdown region. Scale bar is 100 microns.  (adapted with permission from Conant et al. 2011)
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Figure 6.  Shear dependence of anti-thrombic compound effects. (A-C) Platelet aggregation at 20 dyn/cm2. (A) Platelets rolling on vWF at physiological shear, scale bar is 20 microns (Supplementary Video). (B) Fibronectin, moderate platelet aggregation was observed with a mixture of reversible and irreversible binding to the matrix, scale bar is 100 microns. (C) Collagen I, massive irreversible aggregation, scale bar is 100 microns. Images are taken from the center of the channel. (D) Dose–response with GPIIb/IIIa inhibitors. Multiple concentrations of antibody were tested under either 10 or 20 dyn/cm2. Fluorescence microscopy data were collected at five positions in the channel covering 100% of the viewing area.  Total pixel count was determined for each channel and compared against a no antibody control. Background fluorescence was set using a no collagen control, which did not exhibit any platelet adhesion.  (adapted with permission from Conant et al. 2011)
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Figure 7. Platelet aggregation modulation under flow (A) DIOC6-labeled platelets in whole blood from p110flox/flox control (Cre) or PF4-Cre/p110flox/flox (PF4-Cre) mice were perfused through fibrinogen-coated Bioflux plates at a shear rate of 1500 s-1 for 5 minutes. Representative images at 5 minutes are shown. Images obtained with an epifluorescence microscope (Axiovert 200, Carl Zeiss; 40/1.3 NA objective; 37°C) were captured with a CCD camera (CoolSnap HQ; Roper Scientific) and Metamorph software Version 6.2r6 (Universal Imaging Corp). Area covered by platelets was measured. Results shown are the mean SEM of 5 experiments. Statistical analysis: *P < 0.005.  (adapted with permission from Martin et al. 2010)  (B) Effect of NSC23766 on atherosclerotic plaque-induced platelet thrombus formation under arterial flow conditions. Hirudin anti-coagulated blood pre-incubated with H2O or with NSC23766 (300 μM) for 5 min was perfused over plaque-coated surfaces for 10 min at 37°C at a shear rate of 1500 s-1. (A) Representative flow images of control (upper channel) and NSC23766 treated blood (lower channel) 10 min after flow initiation; platelets are visualized by mepacrine fluorescence; bar diagram (values are mean ± SD; n = 5). ** P < 0.002.  (adapted with permission from Dwivedi et al. 2010)
Figure 8
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Figure 8.  Cell rolling from the tethered state. Cells were introduced into channels under variable flow conditions to assess rolling behavior. Cells were relieved from shear for 5 minutes and then shear was ramped up from 2 dyn/cm2 to 36 dyn/cm2. Cell tethers are indicated (black arrow). Frame number is shown in white and encompasses shear from ~7dyn/cm2 to ~28 dyn/cm2.

Figure 9
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Figure 9. Static adhesion under flow Cell adhesion to VCAM-1 following treatment with anti-VLA-4 antibodies. (A) Inhibition level was expressed as number of cells adhering after treatment over number of cells attached in control samples. Error bars represent standard error of the mean for 3 experiments. IC50 values are shown. (B) Homotypic aggregation was elicited with MAB16983 at 1 nM. Jurkat cells stained with Calcein AM treated with 1 nM MAB16983 (top) or an antibody against an intracellular epitope of VLA-4 (EPR1355Y; bottom) are shown. Scale bar, 75 microns. (C) Cell morphology metrics plotted for 1 nM MAB16983-treated cells (top) and EPR1355Y (bottom) are shown. A value of 1 for shape factor denotes a perfect circle, and units of area are pixels2.  (adapted with permission from Conant et al. 2009)
Figure 10
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Figure 10 – Microbial adhesion under flow (A) Dynamic adhesion of wild type S. gordonii DL1 to glass coated with different concentrations of fetuin or 25% saliva. Cell suspensions of this strain or Hsa-deficient mutant strain D102, were pumped through channels of a Bioflux 100 plate at flow rates corresponding to shear forces ranging from 5 to 0.01 Pascals. Total cells(i.e. rolling plus stationary) bound per field of view were determined after 5 min at each shear force. Mean values for cells bound per field of view and exact 95% confidence intervals for a Poisson variable were calculated from six repetitions. (B) Shear-enhanced adhesion of S. gordonii DL1. Cell suspensions were pumped through channels of a Bioflux 100 plate at a shear force of 0.01 Pascals for 5 min to allow accumulation of bound cells as in panel A. Shear force was then set at a value ranging from 0.01 to 5 Pascals, as indicated on the logarithmic X-axis. After 5 min at each shear force, the fraction of stationary cells was determined by counting stationary and rolling cells. Mean values for the fraction of stationary cells and exact 95% confidence intervals for a binomial distribution were calculated from ten repetitions.  (adapted with permission from Ding et al. 2010)
Figure 11
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Figure 11. Biofilm development   Biofilm formation and development in a BioFlux channel. The images are phase-contrast images obtained after flow began (the flow was from left to right; each channel was 370 micron wide) and show initial attachment (0.5 and 1 h), microcolony formation (2 and 3 h), and development (4, 5, and 6.5 h) into fully formed biofilms (21 h).  (adapted with permission from Benoit et al. 2010)
Figure 12
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Figure 12.  Biocide screening Estimates of the viability of GFP-producing P. aeruginosa PAO1 biofilms cultivated in the BioFlux device following treatment with bleach (A) or various antibiotics (B to E) and then stained with PI. Levels of viability were calculated by using the green fluorescence/red fluorescence ratios determined from quantified microscope images (black bars) and by using plate reader measurements (white bars). Isopropyl alcohol (70%) was used to ensure complete loss of viability. Insets show representative microscope images, including images of untreated (0) and isopropyl-alcohol treated (isop.) controls. Note that no biofilm remained after treatment with the highest dose of enrofloxacin (E) and the two highest doses of ciprofloxacin (D). Fluorescence signals were not detected (N.D.) with the plate reader, and no biofilms were observed using microscopy (insets). (F) Linear regression analysis for determinations of viability by the two methods.  (adapted with permission from Benoit et al. 2010)
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