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SUMMARY:
We present a protocol for immobilizing single macromolecules in microfluidic devices and quantifying changes in their conformations under shear flow. This protocol is useful for characterizing the biomechanical and functional properties of biomolecules such as proteins and DNA in a flow environment.

ABSTRACT:
Single-molecule behavior under mechanical perturbation has been characterized widely to understand many biological processes. However, methods such as atomic force microscopy have limited temporal resolution, while Förster resonance energy transfer (FRET) only allow conformations to be inferred. Fluorescence microscopy, on the other hand, allows real-time in situ visualization of single molecules in various flow conditions. Our protocol describes the steps to capture conformational changes of single biomolecules under different shear flow environments using fluorescence microscopy. The shear flow is created inside microfluidic channels and controlled by a syringe pump. As demonstrations of the method, von Willebrand factor (VWF) and lambda DNA are labeled with biotin and fluorophore and then immobilized on the channel surface. Their conformations are continuously monitored under variable shear flow using total internal reflection (TIRF) and confocal fluorescence microscopy. The reversible unraveling dynamics of VWF are useful for understanding how its function is regulated in human blood, while the conformation of lambda DNA offers insights into the biophysics of macromolecules. The protocol can also be widely applied to study the behavior of polymers, especially biopolymers, in varying flow conditions and to investigate the rheology of complex fluids.

INTRODUCTION:
Mechanisms of how biomolecules respond to environmental stimuli have been studied widely. In a flow environment in particular, shear and elongational forces regulate the conformational changes and potentially the function of biomolecules. Typical examples include shear-induced unraveling of lambda DNA and von Willebrand factor (VWF).  Lambda DNA has been used as a tool to understand conformational dynamics of individual, flexible polymer chains and the rheology of polymer solutions1-4. VWF is a natural flow sensor that aggregates platelets at wound sites of blood vessels with abnormal shear rates and flow patterns. Unraveling of VWF is essential in activating the binding of platelets to the A1 domain and collagen binding to the A3 domain. In addition, high shear-induced A2 domain unfolding allows the cleavage of VWF, which regulates its molecular weight distribution in circulation5,6. Thus, direct visualization of how these molecules behave under flow can greatly enhance our fundamental understanding of their biomechanics and function, which in turn can enable novel diagnostic and therapeutic applications.     

Typical methodologies to characterize single-molecule conformations include optical/magnetic tweezers, atomic force microscopy (AFM) and single-molecule Förster resonance energy transfer (FRET)7. Single-molecule force spectroscopy is a powerful tool to investigate the force and motion associated with the conformational changes of biomolecules. However, it lacks the ability to map overall molecular conformations8. AFM is capable of imaging with high spatial resolution but is limited in temporal resolution9,10. In addition, contact between the tip and the sample may confound the response induced by flow. Other methods like FRET and nanopore analytics determine single-molecule protein folding and unfolding states based on the detection of intramolecular distance and excluded volumes. However, these methods are still in their infancy and limited in their direct observation of single-molecule conformations11-14.

On the other hand, directly observing macromolecules with high temporal and spatial resolution under fluorescence microscopy has improved our understanding of single-molecule dynamics in many biological processes15,16. For example, Fu et al. recently achieved simultaneous visualization of VWF elongation and platelet receptor binding for the first time. In their work, VWF molecules were immobilized on the surface of a microfluidic channel through biotin-streptavidin interactions and imaged under total internal reflection fluorescence (TIRF) microscopy at varying shear flow environments17. Applying a similar method as Fu’s, we here demonstrate that conformations of VWF and lambda DNA can be directly observed under both TIRF and confocal fluorescence microscopy. As shown in Figure 1, microfluidic devices are used to create and control shear flow, and biomolecules are immobilized on the channel surface. Upon the application of varying shear rates, conformations of the same molecule are recorded to measure the extensional length, also shown in Figure 1. The method could be widely applied to explore other polymer behaviors under complex flow environments for both rheological and biological studies. 

PROTOCOL: 

1. Preparing VWF 

1.1. Reconstitute human plasma VWF to prepare it for the labeling reactions. Add 100 µL of deionized (DI) water to 100 µg of lyophilized VWF to create a 1 mg/mL VWF stock solution. 

1.2. Dialyze VWF stock solution in order to remove excess glycine, thereby increasing the biotin and fluorophore labeling efficiency.

1.2.1. Transfer 50 µL of VWF stock solution into a 0.1 mL dialysis unit with a 10,000 molecular weight cut-off and seal with a cap. Store the remaining stock solution at -20 °C.  VWF stock will be stable for up to 1 year at -20 °C.

1.2.2. Run dialysis in 500 mL of 1x sterile phosphate-buffered saline (PBS) (0.01 M disodium phosphate, 0.0018 monopotassium phosphate, 0.0027 M potassium chloride, 0.137 M sodium chloride, pH 7.4 at 25 °C) for 1 h at 4 °C with slow stirring. Repeat dialysis for an additional hour using 500 mL of fresh PBS. 

1.3. Start biotin labeling reaction. Prepare a 2 mM solution of NHS-PEG4-biotin by dissolving the solid in DI water immediately before the reaction. Allowing NHS-PEG4-biotin to remain in water for extended time will cause the NHS-ester group to hydrolyze, thereby decreasing labeling efficiency.

1.3.1. Add 2.5 µL of 2 mM NHS-PEG4-biotin to the dialysis unit containing the VWF stock solution. This will result in a 20-fold molar excess of biotin compared to VWF monomers. Primary amines of VWF will react with the NHS-ester groups, thereby covalently binding to PEG4-biotin groups via amide linkages. 

1.3.2. Place the dialysis unit inside a 1.5 mL microcentrifuge tube. Seal the dialysis unit with its corresponding cap. Secure the tube-dialysis assembly with Parafilm. Keep upright and leave at room temperature for 40 min.

1.4. Start fluorophore labeling reaction. Prepare a 2.8 mM solution of Alexa 488 tetrafluorophenyl-ester (TFP-ester) fluorescent dye (excitationmax = 498 nm, emissionmax = 519 nm) by dissolving the fluorophore solid in DI water. Do this immediately before the reaction to prevent the TFP-ester group from hydrolyzing.

1.4.1. Add 2.9 µL of the 2.8 mM 488 fluorophore to the dialysis unit. This will result in a 34-fold molar excess of fluorophore compared to VWF monomers. Remaining primary amines of VWF will react with the TFP-ester groups, thereby covalently binding to fluorophores via amide linkages. 

1.4.2. Add 2.0 µL of 1 M sodium bicarbonate (dissolved in DI water) to dialysis unit. This adjusts the pH of the reaction closer to 8.0, which increases the efficiency of the TFP-ester and primary amine reaction.

1.4.3. Secure the dialysis unit in a microcentrifuge tube just as in step 1.3.2. Store in the dark to prevent photobleaching and leave at room temperature for 1 h and 30 min.

1.5. Place the dialysis unit in 900 mL of 1x sterile PBS and dialyze overnight at 4 °C. This will yield approximately 70 µL of labeled VWF at a concentration of 0.71 mg/mL or 2.84 µM (monomer concentration). 

1.6. Transfer labeled VWF into a microcentrifuge tube. Cover the tube with aluminum foil and protect from light. Store at 4 °C. For long-term storage, add anti-microbial agent sodium azide to a final concentration of 0.02% (w/v).

NOTE: The protocol can be paused here.

2. Preparing Lambda DNA

2.1. Biotinylate linear lambda DNA by filling its cohesive end sites (cos sites) with biotin-14-dCTP nucleotides according to standard protocols, repeated here in step 2.118. Fill in the remainder of the cos sites with dATP, dTTP and dGTP nucleotides.

2.1.1. Prepare 1 mM solutions of dATP, dTTP, dGTP and biotin-14-dCTP in a 10x reaction buffer (500 mM sodium chloride, 100 mM Tris hydrochloride, 100 mM magnesium chloride, 10 mM dithiothreitol, pH 7.9 at 25 °C). 

2.1.2. Place 48 µL of 500 ng/µL lambda DNA in a PCR tube and heat for 5 min at 65 °C. The cos sites of circular lambda DNA will separate under heat, linearizing the molecule and making single-stranded overhangs ready for biotinylation. Immediately after, place on ice to prevent cos sites from re-annealing.

2.1.3. Add 5 µL of 1 mM dATP, dTTP and dGTP and 4 µL of 1 mM biotin-14-dCTP to the lambda DNA. Also add 2.5 µL of 5 U/µL Klenow Fragment (3’5’ exo-) to catalyze the DNA synthesis.

2.1.4. Incubate the reaction mixture for 1 h at 37 °C.

2.1.5. Add 1.2 µL of 0.5 M EDTA. Then heat the reaction mixture for 5 min at 70 °C. This will deactivate the Klenow Fragment and biotinylation reaction.

2.2. Remove excess nucleotides from lambda DNA using a spin column that can hold 10-70 µL and has a 6,000 molecular weight cut-off.

2.2.1. Place the column inside a 2 mL microcentrifuge tube. Centrifuge the column and tube at 1000 x g for 2 min. Dispose of flow-through that collects in the tube.

2.2.2. Replace the column buffer with a 1x solution of the same reaction buffer from step 2.1.1. Do this by adding 500 µL of 1x buffer to the column. Centrifuge for 1 min at 1000 x g. Dispose of flow-through. Repeat these 2 more times so that a total of 1500 µL has been added to the column.

2.2.3. Place the column in a 1.5 mL microcentrifuge tube. Carefully add the solution from step 2.1.5 to the top layer of the column. Centrifuge for 4 min at 1000 x g. 

2.2.4. Collect the flow-through (40-70 µL) from the microcentrifuge tube and place in a PCR tube. This contains the purified, biotinylated lambda DNA. 

2.3. Label lambda DNA with fluorescent YOYO-1 dye (excitationmax = 490 nm, emissionmax = 509 nm) according to standard protocols, repeated here in step 2.3.120.

2.3.1. Prepare a solution of YOYO-1 dye and lambda DNA with a dye to base pair molar ratio of 1:10. Assume no DNA was lost in the purification step to calculate the base pair concentration of lambda DNA. Full-length lambda DNA has 48,502 base pairs. 

NOTE: For example, if 50 µL of solution was recovered from step 2.2.4, add 7.4 µL of 500 µM YOYO-1 dye. 

2.3.2. Heat the solution for 2 h at 50 °C in the dark to complete the reaction.

2.3.3. Cover the tube with aluminum foil and protect from light. Store at 4 °C. The solution is now ready to be injected into microfluidic devices.

NOTE: The protocol can be paused here.

3. Creating microfluidic channel molds in silicon wafer

3.1. Use photolithography to create microfluidic channels with appropriate dimensions (Figure 2) on a master silicon wafer according to standard protocols19.

4. Preparation of polydimethylsiloxane (PDMS) microfluidic device

4.1. Add 5 parts silicone elastomer base to 1 part curing agent (by mass) in a weigh boat. Stir the contents thoroughly for 1 min to create pre-cured PDMS solution.  

4.2. Place the master silicon wafer in a plastic Petri dish. Pour the PDMS solution over the wafer to create a 5 mm layer. Cover the dish and leave in a desiccator under vacuum for 1 h to remove air bubbles. 

4.3. Incubate covered Petri dish at 60 °C overnight to cure PDMS into a flexible solid. Curing will result in microfluidic channels molded into the PDMS at the PDMS-wafer interface.

4.4. Cut 20 x 10 mm rectangles into the PDMS, around each microfluidic channel, using a razor. Remove the rectangular PDMS blocks with tweezers.

4.5. Use a 25 G blunt end needle with sharpened edges to punch a hole 0.5 mm in diameter at one end of the channel, making sure the hole goes completely through the PDMS block (Figure 2). Use a thin needle to punch out PDMS from hole. Repeat this at the other end of the channel. This will create an inlet and outlet for flow through the channel. 

4.6. Clean the surface of the PDMS block with vinyl cleanroom tape. Blow compressed nitrogen gas over a No. 1 ½, 22 x 50 mm coverslip to remove debris. 

4.7. Place the PDMS block with the channel side up and the coverslip into the chamber of a plasma bonding machine. Start the treatment.

4.8. When treatment is complete, quickly place the PDMS block on a coverslip so that the channel is in contact with the slip. Apply pressure along the edges of the block. Place the coverslip-PDMS assembly on a hot plate at 115 °C for 15 min to reinforce the permanent bond.

4.9. Insert 10 cm-long, 0.25 mm inner diameter tubing into the outlet hole at the top of the PDMS block. This allows fluid to easily flow out of the channel. The device is now complete.

5. Treating surface of microfluidic device

5.1. Inject <10 µL of 10 µg/mL biotinylated bovine serum albumin (BSA-biotin) dissolved in sterile 1x PBS into the inlet of microfluidic device for VWF experiments. Inject <10 µL of 1 mg/mL BSA-biotin for lambda-DNA experiments. Withhold a few microliters of BSA-biotin in the pipette tip after injection and allow the tip to remain embedded in the inlet. 

5.1.1. Always keep a droplet of DI water around the tip. This will prevent air bubbles from entering the channel. Apply this technique every time a new solution is injected into the channel.

5.1.2. Allow BSA-biotin to incubate in the device for 2 h. The BSA will nonspecifically bind to the coverslip surface (Figure 3A).

5.2. Remove the pipette tip. Inject <10 µL of casein blocking solution into the channel and allow it to incubate for 30 min. The casein will block any free sites, reducing nonspecific binding of biomolecules to the surface (Figure 3B).

5.3. Remove the tip and inject <10 µL of 10 µg/mL streptavidin dissolved in sterile 1x PBS into the channel for VWF experiments. Use 100 µg/mL streptavidin for lambda DNA experiments. Incubate for 10 min. The streptavidin will bind to the biotin groups of the BSA-biotin (Figure 3C).

5.4. Remove the tip and inject <10 µL of 1x detergent solution (0.05% Tween 20 in PBS) into the channel to wash away excess streptavidin. 

5.5. Remove the tip and inject <10 µL of either 28.4 nM VWF diluted in casein solution or lambda DNA from step 2.3.3. Incubate VWF for 3 min. Incubate lambda DNA for 45 min (Figure 3D).

5.6. Remove the tip and inject <10 µL of 5 mM free biotin diluted in casein solution. Free biotin will block excess streptavidin binding sites on channel surface (Figure 3E). 

6. Visualizing VWF and Lambda DNA under fluorescence microscopy

6.1. Prepare 1 mL of casein blocking solution with 2.2 mM protocatechuic acid and 37 nM protocatechuate-3,4-dioxygenase (to minimize photobleaching). Load into a syringe and secure in a syringe pump. Take 30 cm long, 0.25 mm inner diameter tubing and attach one end to the syringe needle. Flow in the solution to remove air bubbles. Attach the other end of the tube to the inlet of the microfluidic device.

6.2. Select the highest magnification objective (i.e., 60-100X) of a total internal reflection (TIRF) or confocal fluorescence microscope. Add a drop of immersion oil on its objective if needed. Place the microfluidic device on the microscope stage so that the coverslip is flush with the objective. 

6.3. Start brightfield microscopy. Adjust focus so that any features, like debris and bubbles, are visible. Then adjust the stage in the X and Y direction until the edge of the microfluidic channel is visible and bisects the frame.  

6.4. Switch to the 488 channel (FITC). Adjust Z-level and TIRF angle as needed until individual green, globular molecules can be distinguished. These are either VWF or lambda DNA molecules. 

6.5. Adjust exposure time and laser intensity to visualize fluorescent molecules without photobleaching them too quickly. Adjust contrast to also visualize molecules more clearly.

6.6. Start flow from the syringe pump so that casein blocking solution flows into the channel and out of the outlet. Stop and start flow to observe the changes in the conformation of molecules. When applying flow, use rates between 5,000 and 30,000 µL/h. Repeat this throughout various areas of the microfluidic device. Continue this process to locate molecules that can extend and relax upon multiple cycles of stopping and starting flow. 

6.7. Note how long it takes for molecules to reach maximum extension and completely relax into globules. Record videos of the continuous behavior of molecules under shear flow, selecting the best exposure time, exposure frequency and video duration that will capture the full range of extensional behavior and minimize photobleaching.

6.8. Save the videos as .AVI files with a scalebar. 

NOTE: The protocol can be paused here.

7. [bookmark: _GoBack]Image analysis of conformational changes

7.1. Calculate the wall shear rate () applied to macromolecules using the flow rate () and the height () and width () of the rectangular microfluidic channel. Use the following equation to do so:



7.2. Determine the length of any biomolecule under various shear rates using a customized MATLAB code (see Supplementary Files). Create a folder titled videos analysis which includes the following MATLAB codes: main.m, save_each_frame.m, get_length.m and get_length.fig. Create a subfolder within videos analysis titled videos and add .AVI files to be analyzed into it.

7.3. Open main.m using MATLAB 2019a and run the code. Type in the name of the video file to be analyzed in the command window under Please input the data file to analyze:.

7.4. In the opened graphical user interface (GUI), set threshold (text in the box on the top right of the window) to 20 and click on the Set threshold button to confirm.

7.5. Use data cursor in the top tool bar of the window to choose one pixel anywhere on the scale bar. Click Start point in the Scale bar section on the right of the window. The (x,y) position of the chosen pixel will appear on the right of the button. Click on the Pixel size (µm) button. The pixel size needs to be measured only once in each video.

7.6. Choose any pixel on the molecule of interest. Click on Start point in the VWF section. After the position of the chosen pixel appears on the text box on the right, click on Left end, Right end and String length to get the molecular length in the image. 

NOTE: This step can be used to analyze the conformational changes of any biomolecule, despite the code having a specific section named VWF.

7.7. Double-check the left and right end of the molecule. Zoom in and use the data cursor to check the pixel position of interest. Manually choose the pixel as an end and recalculate the length (in pixels) when necessary. 

7.8. Record the pixel size in µm and string length in pixel number into an Excel sheet and calculate the string length in µm.

7.9. Repeat the steps above for every image. Use Last, Next button in the bottom right corner of the GUI to switch among images in the same video file. Click on Close to close the GUI window.  
 
REPRESENTATIVE RESULTS: 
Observing the dynamic behavior of biomolecules such as VWF and lambda DNA is highly dependent on optimizing their binding to the device surface. Incubating surface treatments for the recommended times in the microfluidic device is crucial to obtaining binding with a few anchorage points, so that molecules can freely extend and relax upon changing flow. If the proteins or DNA are bound too strongly with multiple linkages, they will either extend to limited lengths or not extend at all. This occurs particularly with VWF when it remains without flow on the device surface for more than 3 min prior to free biotin blocking. The longer VWF remains on the surface stagnant, the more VWF biotin groups bind to the surface streptavidin groups and the less flexibility the molecule has to unravel. If molecules are bound too weakly, on the other hand, they will detach upon flow and disappear from view. This can occur if VWF or lambda DNA is incubated for too short of periods, causing too few biotin-streptavidin interactions to form. Molecules can also break free when extremely high shear rates (>200,000 s-1) are applied, weakening the biotin-streptavidin interactions.

An ideal molecule binds to such an extent that it can unravel and relax upon multiple cycles of stopping and starting flow. The flexibility of a molecule to change conformation like this is often demonstrated by its ability to extend to increasing lengths as higher shear rates are applied within a range of increasing flow. Images of VWF obtained with TIRF microscopy demonstrate this relationship in Video 1. The extension versus shear rate curve of this same VWF molecule in Figure 4 precisely captures the shear-induced behavior of a VWF molecule and is useful for characterizing the biomechanical properties of the protein. Images of lambda DNA obtained with confocal fluorescence microscopy similarly show increased extension upon higher shear rates and gradual relaxation over 2 min, as is captured in Video 2 and Video 3. The recoiling characteristics of lambda DNA after stopped flow is also graphically represented in Figure 5.  

FIGURE AND TABLE LEGENDS: 
Figure 1: Schematics of single-molecule flow experiment in microfluidic channel under fluorescence microscopy. The channel surface is coated with BSA-biotin and blocked with casein. Streptavidin is bonded with biotin on the channel surface and also biotinylated VWF/lambda DNA to immobilize single molecules on the surface. As shear rate increases from A to C, the molecule is stretched from a folded state to an elongated state along the flow direction from the left to the right.

Figure 2: Microfluidic channel dimensions. The shape and structure of the PDMS microfluidic device are shown together with the channel dimensions. The channel is 50 µm in height and ranges from 0.1 to 1.0 mm in width. The narrowing region in the middle of the channel is 0.7 mm in length. The inlet and the outlet are 0.5144 mm (25 G) in diameter. Flow direction is from the left to right.                                                                                                                                                        

Figure 3: Surface treatment steps for single-molecule immobilization. All steps occur at room temperature. (A). BSA-biotin is coated on the surface for 2 h. (B). Casein is injected into the channel for 30 min to block the surface. (C). Streptavidin is incubated in the channel for 10 min to bind with BSA-biotin. (D). After washing away excess molecules in the former steps, fluorophore and biotin labeled VWF/lambda DNA is injected into the channel and immobilized through bonding with streptavidin. (E). Free biotin is flowed in, blocking extra streptavidin binding sites to minimize its interference with the molecule during conformational changes.

Figure 4: Extensional behavior of VWF under shear flow. The molecule reversibly unravels at 7 different shear rates: 0 s-1, 33,333 s-1, 66,667 s-1, 100,000 s-1, 133,333 s-1, 166,667 s-1 and 200,000 s-1. Length of the stretched molecule increases from 0.52 µm at zero shear rate to 3.44 µm at 200,000 s-1 shear rate.

Figure 5: Relaxation behavior of lambda DNA after shear flow stops. Flow with 33,000 s-1 and 66,667 s-1 shear rates are applied from 0 to 30 s to the same molecule. Relaxation is recorded from 30 s to 150 s. At 66,667 s-1 shear rate, the DNA molecule elongates to 15.00 µm and relaxes back to 5.83 µm after the flow has been stopped for 2 min. At 33,333 s-1 shear rate, the molecule extends only to 8.75 µm and is 3.33 µm in length after 2 min of relaxation.

Video 1: Reversible unraveling of VWF under increasing shear rates using total internal reflection fluorescence (TIRF) microscopy. The molecule in the middle of the view reversibly unravels to different length at shear rates 33,333 s-1, 66,667 s-1, 100,000 s-1 and 133,333 s-1. A syringe pump is used to control the flow rate from which shear rates are calculated. Flow direction is from the left to right. Images are taken with 15 s intervals to allow complete relaxation and extension processes. 

Video 2: Relaxation of lambda DNA after 33,333 s-1 shear rate. Images are taken under confocal fluorescence microscopy. Lambda DNA are stretched under 33,333 s-1 shear flow and relaxed back to a folded state after the flow is stopped at 30 s. Duration of the relaxation is 2 min. Flow direction is from the left to right. Images are taken with 30 s intervals in between.

Video 3: Relaxation of lambda DNA after 66,667 s-1 shear rate. Settings are identical to the ones in Video 2 except for the initial shear rate.

Supplementary Files. MATLAB codes.

DISCUSSION:
To obtain high quality data of single-molecule conformational changes using fluorescence microscopy as described in this method, it is critical to incubate the molecule for the appropriate amount of time, minimize its nonspecific interactions with the surface and establish microscope settings that reduce photobleaching. The ability of the molecule to freely change conformation is related to the number of biotin-streptavidin interactions formed between the molecule and the surface. As mentioned previously, this must be controlled by incubating the molecule without flow for the appropriate amount of time. Additionally, protein or DNA may nonspecifically bind to the coverslip if the coverslip is not blocked effectively. Without the recommended blocking solution, molecules can attach to the glass nonspecifically and be unresponsive to any flow rate applied. Applying the casein block during early surface treatment and maintaining its presence during flow is essential for reducing these nonspecific interactions. Finally, capturing the continuous, dynamic behavior of a single molecule requires frequent fluorophore excitement during image capture. This can cause rapid photobleaching if laser intensity, exposure time and exposure frequency are too high. It is therefore necessary to adjust these settings in tandem and strategize how to reduce their values without compromising the time or image resolution of the data.

If extension and relaxation of the molecule are not observed, additional steps should be followed. Incubate the molecule in the device for longer and shorter times than what is advised in the protocol. For each time that is tested, vary BSA-biotin and streptavidin concentrations by factors of 10. These tests may be necessary to optimize the number of biotin-streptavidin anchorage points formed between the molecule and surface. For example, if the biotin labeling density is very high, due to deviations from the recommended concentrations or reagents in the labeling protocol, shorter molecular incubation time and lower BSA-biotin and streptavidin concentrations may be needed. To further improve the success of the experiment, scan the entire microfluidic device for molecules that reversibly unravel. The surface may not be treated uniformly with streptavidin or casein block, causing molecules in certain areas to have greater unraveling responses than others. 

This method is limited by a lack of information about the size and tethering points of the molecule, the difficulty in producing 0 s-1 shear rate and the optical resolution of fluorescence microscopes. Previous work has shown a large variation in the unraveling behavior of VWF, potentially explained by the wide distribution in the number and location of biotin-streptavidin tether points and the molecular weight of each VWF molecule18. At the moment, the method we present cannot define tether points and molecular size. However, Brownian dynamics simulations of a coarse-grained VWF model published by Wang et al. incorporate these variables and can be run alongside experimental findings to explain such variation18. Furthermore, flow does not stop instantaneously when the syringe pump is stopped, confounding the observation of recoiling dynamics. This is due to the deformation and slight dilation of the PDMS channel during the intended flow period. When the pump is stopped, fluid continues to flow until the PDMS is fully relaxed. An improved system should use more rigid PDMS or microchannels fabricated in hard plastic materials, allowing fluid to reach a 0 s-1 shear rate more quickly. Finally, one can only resolve molecules whose size is on the same order of magnitude as the optical resolution of the fluorescence microscope, which may be no smaller than a few hundred nanometers. Thus, there is a minimum size requirement for the molecules that can be directly observed with this method.

The current protocol concerns mainly quantification of conformational changes of protein and DNA molecules under physiological flow. However, the method can also be used to visualize real-time interactions between biological molecules and further characterize protein and DNA function. For instance, Fu et al. have shown that tethered VWF can activate under high shear flow and further capture the platelet adhesion molecule GPIb under varying flow conditions17. This binding event is preserved even when VWF is bound to the surface by biotin-streptavidin linkages, demonstrating the effectiveness of this protocol to study physiologically relevant functions and mechanics17. Similar mechanistic insights could be obtained while studying the interactions between unraveled DNA and regulatory proteins in flow environments21,22. Additionally, our method pertains mostly to observing conformational changes in macromolecules. Nevertheless, one could adapt it for the purpose of studying smaller molecules that are large enough to be resolved under fluorescence microscopy. For example, by noncovalently or covalently attaching a small molecule to a much larger, immobilized lambda DNA, one could increase the shear-sensitivity of the smaller molecule and more easily observe its behavior. In conclusion, other single-molecule characterization methods, such as AFM or optical tweezers, provide high-resolution data on the structural and functional properties of macromolecules; however, these alternative methods cannot observe the dynamic, conformational changes of proteins and DNA that take place in a physiological flow environment, as is presented in this protocol.
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