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SUMMARY: 31 
We present a protocol for immobilizing single macromolecules in microfluidic devices and 32 
quantifying changes in their conformations under shear flow. This protocol is useful for 33 
characterizing the biomechanical and functional properties of biomolecules such as proteins 34 
and DNA in a flow environment. 35 
 36 
ABSTRACT: 37 
Single-molecule behavior under mechanical perturbation has been characterized widely to 38 
understand many biological processes. However, methods such as atomic force microscopy 39 
have limited temporal resolution, while Förster resonance energy transfer (FRET) only allow 40 
conformations to be inferred. Fluorescence microscopy, on the other hand, allows real-time 41 
in situ visualization of single molecules in various flow conditions. Our protocol describes the 42 
steps to capture conformational changes of single biomolecules under different shear flow 43 
environments using fluorescence microscopy. The shear flow is created inside microfluidic 44 
channels and controlled by a syringe pump. As demonstrations of the method, von Willebrand 45 
factor (VWF) and lambda DNA are labeled with biotin and fluorophore and then immobilized 46 
on the channel surface. Their conformations are continuously monitored under variable shear 47 
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flow using total internal reflection (TIRF) and confocal fluorescence microscopy. The 48 
reversible unraveling dynamics of VWF are useful for understanding how its function is 49 
regulated in human blood, while the conformation of lambda DNA offers insights into the 50 
biophysics of macromolecules. The protocol can also be widely applied to study the behavior 51 
of polymers, especially biopolymers, in varying flow conditions and to investigate the 52 
rheology of complex fluids. 53 
 54 
INTRODUCTION: 55 
Mechanisms of how biomolecules respond to environmental stimuli have been studied 56 
widely. In a flow environment in particular, shear and elongational forces regulate the 57 
conformational changes and potentially the function of biomolecules. Typical examples 58 
include shear-induced unraveling of lambda DNA and von Willebrand factor (VWF).  Lambda 59 
DNA has been used as a tool to understand conformational dynamics of individual, flexible 60 
polymer chains and the rheology of polymer solutions1-4. VWF is a natural flow sensor that 61 
aggregates platelets at wound sites of blood vessels with abnormal shear rates and flow 62 
patterns. Unraveling of VWF is essential in activating the binding of platelets to the A1 domain 63 
and collagen binding to the A3 domain. In addition, high shear-induced A2 domain unfolding 64 
allows the cleavage of VWF, which regulates its molecular weight distribution in circulation5,6. 65 
Thus, direct visualization of how these molecules behave under flow can greatly enhance our 66 
fundamental understanding of their biomechanics and function, which in turn can enable 67 
novel diagnostic and therapeutic applications.      68 
 69 
Typical methodologies to characterize single-molecule conformations include 70 
optical/magnetic tweezers, atomic force microscopy (AFM) and single-molecule Förster 71 
resonance energy transfer (FRET)7. Single-molecule force spectroscopy is a powerful tool to 72 
investigate the force and motion associated with the conformational changes of 73 
biomolecules. However, it lacks the ability to map overall molecular conformations8. AFM is 74 
capable of imaging with high spatial resolution but is limited in temporal resolution9,10. In 75 
addition, contact between the tip and the sample may confound the response induced by 76 
flow. Other methods like FRET and nanopore analytics determine single-molecule protein 77 
folding and unfolding states based on the detection of intramolecular distance and excluded 78 
volumes. However, these methods are still in their infancy and limited in their direct 79 
observation of single-molecule conformations11-14. 80 
 81 
On the other hand, directly observing macromolecules with high temporal and spatial 82 
resolution under fluorescence microscopy has improved our understanding of single-83 
molecule dynamics in many biological processes15,16. For example, Fu et al. recently achieved 84 
simultaneous visualization of VWF elongation and platelet receptor binding for the first time. 85 
In their work, VWF molecules were immobilized on the surface of a microfluidic channel 86 
through biotin-streptavidin interactions and imaged under total internal reflection 87 
fluorescence (TIRF) microscopy at varying shear flow environments17. Applying a similar 88 
method as Fu’s, we here demonstrate that conformations of VWF and lambda DNA can be 89 
directly observed under both TIRF and confocal fluorescence microscopy. As shown in Figure 90 
1, microfluidic devices are used to create and control shear flow, and biomolecules are 91 
immobilized on the channel surface. Upon the application of varying shear rates, 92 
conformations of the same molecule are recorded to measure the extensional length, also 93 
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shown in Figure 1. The method could be widely applied to explore other polymer behaviors 94 
under complex flow environments for both rheological and biological studies.  95 
 96 
PROTOCOL:  97 
 98 
1. Preparing VWF  99 
 100 
1.1. Reconstitute human plasma VWF to prepare it for the labeling reactions. Add 100 µL of 101 
deionized (DI) water to 100 µg of lyophilized VWF to create a 1 mg/mL VWF stock solution.  102 
 103 
1.2. Dialyze VWF stock solution in order to remove excess glycine, thereby increasing the 104 
biotin and fluorophore labeling efficiency. 105 
 106 
1.2.1. Transfer 50 µL of VWF stock solution into a 0.1 mL dialysis unit with a 10,000 107 
molecular weight cut-off and seal with a cap. Store the remaining stock solution at -20 °C.  108 
VWF stock will be stable for up to 1 year at -20 °C. 109 
 110 
1.2.2. Run dialysis in 500 mL of 1x sterile phosphate-buffered saline (PBS) (0.01 M 111 
disodium phosphate, 0.0018 monopotassium phosphate, 0.0027 M potassium chloride, 0.137 112 
M sodium chloride, pH 7.4 at 25 °C) for 1 h at 4 °C with slow stirring. Repeat dialysis for an 113 
additional hour using 500 mL of fresh PBS.  114 
 115 
1.3. Start biotin labeling reaction. Prepare a 2 mM solution of NHS-PEG4-biotin by dissolving 116 
the solid in DI water immediately before the reaction. Allowing NHS-PEG4-biotin to remain in 117 
water for extended time will cause the NHS-ester group to hydrolyze, thereby decreasing 118 
labeling efficiency. 119 
 120 
1.3.1. Add 2.5 µL of 2 mM NHS-PEG4-biotin to the dialysis unit containing the VWF 121 
stock solution. This will result in a 20-fold molar excess of biotin compared to VWF monomers. 122 
Primary amines of VWF will react with the NHS-ester groups, thereby covalently binding to 123 
PEG4-biotin groups via amide linkages.  124 
 125 
1.3.2. Place the dialysis unit inside a 1.5 mL microcentrifuge tube. Seal the dialysis unit 126 
with its corresponding cap. Secure the tube-dialysis assembly with Parafilm. Keep upright and 127 
leave at room temperature for 40 min. 128 
 129 
1.4. Start fluorophore labeling reaction. Prepare a 2.8 mM solution of Alexa 488 130 
tetrafluorophenyl-ester (TFP-ester) fluorescent dye (excitationmax = 498 nm, emissionmax = 131 
519 nm) by dissolving the fluorophore solid in DI water. Do this immediately before the 132 
reaction to prevent the TFP-ester group from hydrolyzing. 133 
 134 
1.4.1. Add 2.9 µL of the 2.8 mM 488 fluorophore to the dialysis unit. This will result in 135 
a 34-fold molar excess of fluorophore compared to VWF monomers. Remaining primary 136 
amines of VWF will react with the TFP-ester groups, thereby covalently binding to 137 
fluorophores via amide linkages.  138 
 139 
1.4.2. Add 2.0 µL of 1 M sodium bicarbonate (dissolved in DI water) to dialysis unit. 140 
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This adjusts the pH of the reaction closer to 8.0, which increases the efficiency of the TFP-141 
ester and primary amine reaction. 142 
 143 
1.4.3. Secure the dialysis unit in a microcentrifuge tube just as in step 1.3.2. Store in 144 
the dark to prevent photobleaching and leave at room temperature for 1 h and 30 min. 145 
 146 
1.5. Place the dialysis unit in 900 mL of 1x sterile PBS and dialyze overnight at 4 °C. This will 147 
yield approximately 70 µL of labeled VWF at a concentration of 0.71 mg/mL or 2.84 µM 148 
(monomer concentration).  149 
 150 
1.6. Transfer labeled VWF into a microcentrifuge tube. Cover the tube with aluminum foil and 151 
protect from light. Store at 4 °C. For long-term storage, add anti-microbial agent sodium azide 152 
to a final concentration of 0.02% (w/v). 153 
 154 
NOTE: The protocol can be paused here. 155 
 156 
2. Preparing Lambda DNA 157 
 158 
2.1. Biotinylate linear lambda DNA by filling its cohesive end sites (cos sites) with biotin-14-159 
dCTP nucleotides according to standard protocols, repeated here in step 2.118. Fill in the 160 
remainder of the cos sites with dATP, dTTP and dGTP nucleotides. 161 
 162 
2.1.1. Prepare 1 mM solutions of dATP, dTTP, dGTP and biotin-14-dCTP in a 10x 163 
reaction buffer (500 mM sodium chloride, 100 mM Tris hydrochloride, 100 mM magnesium 164 
chloride, 10 mM dithiothreitol, pH 7.9 at 25 °C).  165 
 166 
2.1.2. Place 48 µL of 500 ng/µL lambda DNA in a PCR tube and heat for 5 min at 65 °C. 167 
The cos sites of circular lambda DNA will separate under heat, linearizing the molecule and 168 
making single-stranded overhangs ready for biotinylation. Immediately after, place on ice to 169 
prevent cos sites from re-annealing. 170 
 171 
2.1.3. Add 5 µL of 1 mM dATP, dTTP and dGTP and 4 µL of 1 mM biotin-14-dCTP to the 172 
lambda DNA. Also add 2.5 µL of 5 U/µL Klenow Fragment (3’5’ exo-) to catalyze the DNA 173 
synthesis. 174 
 175 
2.1.4. Incubate the reaction mixture for 1 h at 37 °C. 176 
 177 
2.1.5. Add 1.2 µL of 0.5 M EDTA. Then heat the reaction mixture for 5 min at 70 °C. 178 
This will deactivate the Klenow Fragment and biotinylation reaction. 179 
 180 
2.2. Remove excess nucleotides from lambda DNA using a spin column that can hold 10-70 181 
µL and has a 6,000 molecular weight cut-off. 182 
 183 
2.2.1. Place the column inside a 2 mL microcentrifuge tube. Centrifuge the column and 184 
tube at 1000 x g for 2 min. Dispose of flow-through that collects in the tube. 185 
 186 
2.2.2. Replace the column buffer with a 1x solution of the same reaction buffer from 187 
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step 2.1.1. Do this by adding 500 µL of 1x buffer to the column. Centrifuge for 1 min at 1000 188 
x g. Dispose of flow-through. Repeat these 2 more times so that a total of 1500 µL has been 189 
added to the column. 190 
 191 
2.2.3. Place the column in a 1.5 mL microcentrifuge tube. Carefully add the solution 192 
from step 2.1.5 to the top layer of the column. Centrifuge for 4 min at 1000 x g.  193 
 194 
2.2.4. Collect the flow-through (40-70 µL) from the microcentrifuge tube and place in 195 
a PCR tube. This contains the purified, biotinylated lambda DNA.  196 
 197 
2.3. Label lambda DNA with fluorescent YOYO-1 dye (excitationmax = 490 nm, emissionmax = 198 
509 nm) according to standard protocols, repeated here in step 2.3.120. 199 
 200 
2.3.1. Prepare a solution of YOYO-1 dye and lambda DNA with a dye to base pair molar 201 
ratio of 1:10. Assume no DNA was lost in the purification step to calculate the base pair 202 
concentration of lambda DNA. Full-length lambda DNA has 48,502 base pairs.  203 
 204 
NOTE: For example, if 50 µL of solution was recovered from step 2.2.4, add 7.4 µL of 500 µM 205 
YOYO-1 dye.  206 
 207 
2.3.2. Heat the solution for 2 h at 50 °C in the dark to complete the reaction. 208 
 209 
2.3.3. Cover the tube with aluminum foil and protect from light. Store at 4 °C. The 210 
solution is now ready to be injected into microfluidic devices. 211 
 212 
NOTE: The protocol can be paused here. 213 
 214 
3. Creating microfluidic channel molds in silicon wafer 215 
 216 
3.1. Use photolithography to create microfluidic channels with appropriate dimensions 217 
(Figure 2) on a master silicon wafer according to standard protocols19. 218 
 219 
4. Preparation of polydimethylsiloxane (PDMS) microfluidic device 220 
 221 
4.1. Add 5 parts silicone elastomer base to 1 part curing agent (by mass) in a weigh boat. Stir 222 
the contents thoroughly for 1 min to create pre-cured PDMS solution.   223 
 224 
4.2. Place the master silicon wafer in a plastic Petri dish. Pour the PDMS solution over the 225 
wafer to create a 5 mm layer. Cover the dish and leave in a desiccator under vacuum for 1 h 226 
to remove air bubbles.  227 
 228 
4.3. Incubate covered Petri dish at 60 °C overnight to cure PDMS into a flexible solid. Curing 229 
will result in microfluidic channels molded into the PDMS at the PDMS-wafer interface. 230 
 231 
4.4. Cut 20 x 10 mm rectangles into the PDMS, around each microfluidic channel, using a 232 
razor. Remove the rectangular PDMS blocks with tweezers. 233 
 234 
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4.5. Use a 25 G blunt end needle with sharpened edges to punch a hole 0.5 mm in diameter 235 
at one end of the channel, making sure the hole goes completely through the PDMS block 236 
(Figure 2). Use a thin needle to punch out PDMS from hole. Repeat this at the other end of 237 
the channel. This will create an inlet and outlet for flow through the channel.  238 
 239 
4.6. Clean the surface of the PDMS block with vinyl cleanroom tape. Blow compressed 240 
nitrogen gas over a No. 1 ½, 22 x 50 mm coverslip to remove debris.  241 
 242 
4.7. Place the PDMS block with the channel side up and the coverslip into the chamber of a 243 
plasma bonding machine. Start the treatment. 244 
 245 
4.8. When treatment is complete, quickly place the PDMS block on a coverslip so that the 246 
channel is in contact with the slip. Apply pressure along the edges of the block. Place the 247 
coverslip-PDMS assembly on a hot plate at 115 °C for 15 min to reinforce the permanent 248 
bond. 249 
 250 
4.9. Insert 10 cm-long, 0.25 mm inner diameter tubing into the outlet hole at the top of the 251 
PDMS block. This allows fluid to easily flow out of the channel. The device is now complete. 252 
 253 
5. Treating surface of microfluidic device 254 
 255 
5.1. Inject <10 µL of 10 µg/mL biotinylated bovine serum albumin (BSA-biotin) dissolved in 256 
sterile 1x PBS into the inlet of microfluidic device for VWF experiments. Inject <10 µL of 1 257 
mg/mL BSA-biotin for lambda-DNA experiments. Withhold a few microliters of BSA-biotin in 258 
the pipette tip after injection and allow the tip to remain embedded in the inlet.  259 
 260 
5.1.1. Always keep a droplet of DI water around the tip. This will prevent air bubbles 261 
from entering the channel. Apply this technique every time a new solution is injected into the 262 
channel. 263 
 264 
5.1.2. Allow BSA-biotin to incubate in the device for 2 h. The BSA will nonspecifically 265 
bind to the coverslip surface (Figure 3A). 266 
 267 
5.2. Remove the pipette tip. Inject <10 µL of casein blocking solution into the channel and 268 
allow it to incubate for 30 min. The casein will block any free sites, reducing nonspecific 269 
binding of biomolecules to the surface (Figure 3B). 270 
 271 
5.3. Remove the tip and inject <10 µL of 10 µg/mL streptavidin dissolved in sterile 1x PBS into 272 
the channel for VWF experiments. Use 100 µg/mL streptavidin for lambda DNA experiments. 273 
Incubate for 10 min. The streptavidin will bind to the biotin groups of the BSA-biotin (Figure 274 
3C). 275 
 276 
5.4. Remove the tip and inject <10 µL of 1x detergent solution (0.05% Tween 20 in PBS) into 277 
the channel to wash away excess streptavidin.  278 
 279 
5.5. Remove the tip and inject <10 µL of either 28.4 nM VWF diluted in casein solution or 280 
lambda DNA from step 2.3.3. Incubate VWF for 3 min. Incubate lambda DNA for 45 min 281 
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(Figure 3D). 282 
 283 
5.6. Remove the tip and inject <10 µL of 5 mM free biotin diluted in casein solution. Free 284 
biotin will block excess streptavidin binding sites on channel surface (Figure 3E).  285 
 286 
6. Visualizing VWF and Lambda DNA under fluorescence microscopy 287 
 288 
6.1. Prepare 1 mL of casein blocking solution with 2.2 mM protocatechuic acid and 37 nM 289 
protocatechuate-3,4-dioxygenase (to minimize photobleaching). Load into a syringe and 290 
secure in a syringe pump. Take 30 cm long, 0.25 mm inner diameter tubing and attach one 291 
end to the syringe needle. Flow in the solution to remove air bubbles. Attach the other end 292 
of the tube to the inlet of the microfluidic device. 293 
 294 
6.2. Select the highest magnification objective (i.e., 60-100X) of a total internal reflection 295 
(TIRF) or confocal fluorescence microscope. Add a drop of immersion oil on its objective if 296 
needed. Place the microfluidic device on the microscope stage so that the coverslip is flush 297 
with the objective.  298 
 299 
6.3. Start brightfield microscopy. Adjust focus so that any features, like debris and bubbles, 300 
are visible. Then adjust the stage in the X and Y direction until the edge of the microfluidic 301 
channel is visible and bisects the frame.   302 
 303 
6.4. Switch to the 488 channel (FITC). Adjust Z-level and TIRF angle as needed until individual 304 
green, globular molecules can be distinguished. These are either VWF or lambda DNA 305 
molecules.  306 
 307 
6.5. Adjust exposure time and laser intensity to visualize fluorescent molecules without 308 
photobleaching them too quickly. Adjust contrast to also visualize molecules more clearly. 309 
 310 
6.6. Start flow from the syringe pump so that casein blocking solution flows into the channel 311 
and out of the outlet. Stop and start flow to observe the changes in the conformation of 312 
molecules. When applying flow, use rates between 5,000 and 30,000 µL/h. Repeat this 313 
throughout various areas of the microfluidic device. Continue this process to locate molecules 314 
that can extend and relax upon multiple cycles of stopping and starting flow.  315 
 316 
6.7. Note how long it takes for molecules to reach maximum extension and completely relax 317 
into globules. Record videos of the continuous behavior of molecules under shear flow, 318 
selecting the best exposure time, exposure frequency and video duration that will capture 319 
the full range of extensional behavior and minimize photobleaching. 320 
 321 
6.8. Save the videos as .AVI files with a scalebar.  322 
 323 
NOTE: The protocol can be paused here. 324 
 325 
7. Image analysis of conformational changes 326 
 327 
7.1. Calculate the wall shear rate (𝛾̇) applied to macromolecules using the flow rate (𝑄) and 328 
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the height (ℎ ) and width (𝑤 ) of the rectangular microfluidic channel. Use the following 329 
equation to do so: 330 
 331 

𝛾̇ =
6𝑄

𝑤ℎ2
 332 

 333 
7.2. Determine the length of any biomolecule under various shear rates using a customized 334 
MATLAB code (see Supplementary Files). Create a folder titled videos analysis which includes 335 
the following MATLAB codes: main.m, save_each_frame.m, get_length.m and 336 
get_length.fig. Create a subfolder within videos analysis titled videos and add .AVI files to be 337 
analyzed into it. 338 
 339 
7.3. Open main.m using MATLAB 2019a and run the code. Type in the name of the video file 340 
to be analyzed in the command window under Please input the data file to analyze:. 341 
 342 
7.4. In the opened graphical user interface (GUI), set threshold (text in the box on the top 343 
right of the window) to 20 and click on the Set threshold button to confirm. 344 
 345 
7.5. Use data cursor in the top tool bar of the window to choose one pixel anywhere on the 346 
scale bar. Click Start point in the Scale bar section on the right of the window. The (x,y) 347 
position of the chosen pixel will appear on the right of the button. Click on the Pixel size (µm) 348 
button. The pixel size needs to be measured only once in each video. 349 
 350 
7.6. Choose any pixel on the molecule of interest. Click on Start point in the VWF section. 351 
After the position of the chosen pixel appears on the text box on the right, click on Left end, 352 
Right end and String length to get the molecular length in the image.  353 
 354 
NOTE: This step can be used to analyze the conformational changes of any biomolecule, 355 
despite the code having a specific section named VWF. 356 
 357 
7.7. Double-check the left and right end of the molecule. Zoom in and use the data cursor to 358 
check the pixel position of interest. Manually choose the pixel as an end and recalculate the 359 
length (in pixels) when necessary.  360 
 361 
7.8. Record the pixel size in µm and string length in pixel number into an Excel sheet and 362 
calculate the string length in µm. 363 
 364 
7.9. Repeat the steps above for every image. Use Last, Next button in the bottom right corner 365 
of the GUI to switch among images in the same video file. Click on Close to close the GUI 366 
window.   367 
  368 
REPRESENTATIVE RESULTS:  369 
Observing the dynamic behavior of biomolecules such as VWF and lambda DNA is highly 370 
dependent on optimizing their binding to the device surface. Incubating surface treatments 371 
for the recommended times in the microfluidic device is crucial to obtaining binding with a 372 
few anchorage points, so that molecules can freely extend and relax upon changing flow. If 373 
the proteins or DNA are bound too strongly with multiple linkages, they will either extend to 374 
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limited lengths or not extend at all. This occurs particularly with VWF when it remains without 375 
flow on the device surface for more than 3 min prior to free biotin blocking. The longer VWF 376 
remains on the surface stagnant, the more VWF biotin groups bind to the surface streptavidin 377 
groups and the less flexibility the molecule has to unravel. If molecules are bound too weakly, 378 
on the other hand, they will detach upon flow and disappear from view. This can occur if VWF 379 
or lambda DNA is incubated for too short of periods, causing too few biotin-streptavidin 380 
interactions to form. Molecules can also break free when extremely high shear rates 381 
(>200,000 s-1) are applied, weakening the biotin-streptavidin interactions. 382 
 383 
An ideal molecule binds to such an extent that it can unravel and relax upon multiple cycles 384 
of stopping and starting flow. The flexibility of a molecule to change conformation like this is 385 
often demonstrated by its ability to extend to increasing lengths as higher shear rates are 386 
applied within a range of increasing flow. Images of VWF obtained with TIRF microscopy 387 
demonstrate this relationship in Video 1. The extension versus shear rate curve of this same 388 
VWF molecule in Figure 4 precisely captures the shear-induced behavior of a VWF molecule 389 
and is useful for characterizing the biomechanical properties of the protein. Images of lambda 390 
DNA obtained with confocal fluorescence microscopy similarly show increased extension 391 
upon higher shear rates and gradual relaxation over 2 min, as is captured in Video 2 and Video 392 
3. The recoiling characteristics of lambda DNA after stopped flow is also graphically 393 
represented in Figure 5.   394 
 395 
FIGURE AND TABLE LEGENDS:  396 
Figure 1: Schematics of single-molecule flow experiment in microfluidic channel under 397 
fluorescence microscopy. The channel surface is coated with BSA-biotin and blocked with 398 
casein. Streptavidin is bonded with biotin on the channel surface and also biotinylated 399 
VWF/lambda DNA to immobilize single molecules on the surface. As shear rate increases from 400 
A to C, the molecule is stretched from a folded state to an elongated state along the flow 401 
direction from the left to the right. 402 
 403 
Figure 2: Microfluidic channel dimensions. The shape and structure of the PDMS microfluidic 404 
device are shown together with the channel dimensions. The channel is 50 µm in height and 405 
ranges from 0.1 to 1.0 mm in width. The narrowing region in the middle of the channel is 0.7 406 
mm in length. The inlet and the outlet are 0.5144 mm (25 G) in diameter. Flow direction is 407 
from the left to right.                                                                                                                                                         408 
 409 
Figure 3: Surface treatment steps for single-molecule immobilization. All steps occur at 410 
room temperature. (A). BSA-biotin is coated on the surface for 2 h. (B). Casein is injected into 411 
the channel for 30 min to block the surface. (C). Streptavidin is incubated in the channel for 412 
10 min to bind with BSA-biotin. (D). After washing away excess molecules in the former steps, 413 
fluorophore and biotin labeled VWF/lambda DNA is injected into the channel and immobilized 414 
through bonding with streptavidin. (E). Free biotin is flowed in, blocking extra streptavidin 415 
binding sites to minimize its interference with the molecule during conformational changes. 416 
 417 
Figure 4: Extensional behavior of VWF under shear flow. The molecule reversibly unravels at 418 
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 419 
200,000 s-1. Length of the stretched molecule increases from 0.52 µm at zero shear rate to 420 
3.44 µm at 200,000 s-1 shear rate. 421 
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 422 
Figure 5: Relaxation behavior of lambda DNA after shear flow stops. Flow with 33,000 s-1 423 
and 66,667 s-1 shear rates are applied from 0 to 30 s to the same molecule. Relaxation is 424 
recorded from 30 s to 150 s. At 66,667 s-1 shear rate, the DNA molecule elongates to 15.00 425 
µm and relaxes back to 5.83 µm after the flow has been stopped for 2 min. At 33,333 s-1 shear 426 
rate, the molecule extends only to 8.75 µm and is 3.33 µm in length after 2 min of relaxation. 427 
 428 
Video 1: Reversible unraveling of VWF under increasing shear rates using total internal 429 
reflection fluorescence (TIRF) microscopy. The molecule in the middle of the view reversibly 430 
unravels to different length at shear rates 33,333 s-1, 66,667 s-1, 100,000 s-1 and 133,333 s-1. 431 
A syringe pump is used to control the flow rate from which shear rates are calculated. Flow 432 
direction is from the left to right. Images are taken with 15 s intervals to allow complete 433 
relaxation and extension processes.  434 
 435 
Video 2: Relaxation of lambda DNA after 33,333 s-1 shear rate. Images are taken under 436 
confocal fluorescence microscopy. Lambda DNA are stretched under 33,333 s-1 shear flow and 437 
relaxed back to a folded state after the flow is stopped at 30 s. Duration of the relaxation is 2 438 
min. Flow direction is from the left to right. Images are taken with 30 s intervals in between. 439 
 440 
Video 3: Relaxation of lambda DNA after 66,667 s-1 shear rate. Settings are identical to the 441 
ones in Video 2 except for the initial shear rate. 442 
 443 
Supplementary Files. MATLAB codes. 444 
 445 
DISCUSSION: 446 
To obtain high quality data of single-molecule conformational changes using fluorescence 447 
microscopy as described in this method, it is critical to incubate the molecule for the 448 
appropriate amount of time, minimize its nonspecific interactions with the surface and 449 
establish microscope settings that reduce photobleaching. The ability of the molecule to 450 
freely change conformation is related to the number of biotin-streptavidin interactions 451 
formed between the molecule and the surface. As mentioned previously, this must be 452 
controlled by incubating the molecule without flow for the appropriate amount of time. 453 
Additionally, protein or DNA may nonspecifically bind to the coverslip if the coverslip is not 454 
blocked effectively. Without the recommended blocking solution, molecules can attach to the 455 
glass nonspecifically and be unresponsive to any flow rate applied. Applying the casein block 456 
during early surface treatment and maintaining its presence during flow is essential for 457 
reducing these nonspecific interactions. Finally, capturing the continuous, dynamic behavior 458 
of a single molecule requires frequent fluorophore excitement during image capture. This can 459 
cause rapid photobleaching if laser intensity, exposure time and exposure frequency are too 460 
high. It is therefore necessary to adjust these settings in tandem and strategize how to reduce 461 
their values without compromising the time or image resolution of the data. 462 
 463 
If extension and relaxation of the molecule are not observed, additional steps should be 464 
followed. Incubate the molecule in the device for longer and shorter times than what is 465 
advised in the protocol. For each time that is tested, vary BSA-biotin and streptavidin 466 
concentrations by factors of 10. These tests may be necessary to optimize the number of 467 
biotin-streptavidin anchorage points formed between the molecule and surface. For example, 468 
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if the biotin labeling density is very high, due to deviations from the recommended 469 
concentrations or reagents in the labeling protocol, shorter molecular incubation time and 470 
lower BSA-biotin and streptavidin concentrations may be needed. To further improve the 471 
success of the experiment, scan the entire microfluidic device for molecules that reversibly 472 
unravel. The surface may not be treated uniformly with streptavidin or casein block, causing 473 
molecules in certain areas to have greater unraveling responses than others.  474 
 475 
This method is limited by a lack of information about the size and tethering points of the 476 
molecule, the difficulty in producing 0 s-1 shear rate and the optical resolution of fluorescence 477 
microscopes. Previous work has shown a large variation in the unraveling behavior of VWF, 478 
potentially explained by the wide distribution in the number and location of biotin-479 
streptavidin tether points and the molecular weight of each VWF molecule18. At the moment, 480 
the method we present cannot define tether points and molecular size. However, Brownian 481 
dynamics simulations of a coarse-grained VWF model published by Wang et al. incorporate 482 
these variables and can be run alongside experimental findings to explain such variation18. 483 
Furthermore, flow does not stop instantaneously when the syringe pump is stopped, 484 
confounding the observation of recoiling dynamics. This is due to the deformation and slight 485 
dilation of the PDMS channel during the intended flow period. When the pump is stopped, 486 
fluid continues to flow until the PDMS is fully relaxed. An improved system should use more 487 
rigid PDMS or microchannels fabricated in hard plastic materials, allowing fluid to reach a 0 s-488 
1 shear rate more quickly. Finally, one can only resolve molecules whose size is on the same 489 
order of magnitude as the optical resolution of the fluorescence microscope, which may be 490 
no smaller than a few hundred nanometers. Thus, there is a minimum size requirement for 491 
the molecules that can be directly observed with this method. 492 
 493 
The current protocol concerns mainly quantification of conformational changes of protein 494 
and DNA molecules under physiological flow. However, the method can also be used to 495 
visualize real-time interactions between biological molecules and further characterize protein 496 
and DNA function. For instance, Fu et al. have shown that tethered VWF can activate under 497 
high shear flow and further capture the pla498 
conditions17. This binding event is preserved even when VWF is bound to the surface by 499 
biotin-streptavidin linkages, demonstrating the effectiveness of this protocol to study 500 
physiologically relevant functions and mechanics17. Similar mechanistic insights could be 501 
obtained while studying the interactions between unraveled DNA and regulatory proteins in 502 
flow environments21,22. Additionally, our method pertains mostly to observing 503 
conformational changes in macromolecules. Nevertheless, one could adapt it for the purpose 504 
of studying smaller molecules that are large enough to be resolved under fluorescence 505 
microscopy. For example, by noncovalently or covalently attaching a small molecule to a 506 
much larger, immobilized lambda DNA, one could increase the shear-sensitivity of the smaller 507 
molecule and more easily observe its behavior. In conclusion, other single-molecule 508 
characterization methods, such as AFM or optical tweezers, provide high-resolution data on 509 
the structural and functional properties of macromolecules; however, these alternative 510 
methods cannot observe the dynamic, conformational changes of proteins and DNA that take 511 
place in a physiological flow environment, as is presented in this protocol. 512 
 513 
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Alexa Fluor 488 Labeling Kit Invitrogen A30006

Bio-Spin P-6 Gel Columns Bio-Rad 7326221

Biotin Sigma-Aldrich B4501

Biotin-14-dCTP AAT Bioquest 17019

BSA-Biotin Sigma-Aldrich A8549

Coverslips VWR 48393-195

dNTP Set Invitrogen 10297018

Float Buoys for Mini Dialysis Device Thermo Scientific 69588

Klenow Fragment (3'→5' exo-) New England BioLabs M0212S

Lambda DNA New England BioLabs N3011S

Mini Dialysis Device Thermo Scientific 69570

NEBuffer 4 New England BioLabs B7004S

NHS-PEG4-Biotin Thermo Scientific 21330

Protocatechuate 3,4-Dioxygenase Sigma-Aldrich P8279

Protocatechuic acid Santa Cruz Biotechnology sc-205818

Silicone Elastomer Kit for PDMS Fabrication The Dow Chemical Company 4019862

Streptavidin Sigma-Aldrich 85878

The Blocking Solution CANDOR Bioscience 110 050

Vinyl Cleanroom Tape Fisher Scientific 19-120-3217 

von Willebrand Factor, Human Plasma Millipore Sigma 681300

YOYO-1 Dye AAT Bioquest 17580

0.25 mm Inner Diameter Tubing Cole-Parmer EW-06419-00

25 Gauge Needle Thomas Scientific JG2505X
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Comments/Description

Use as free biotin in Step 5.6

No. 1 ½, 22 x 50 mm

Use for 10X reaction buffer in Step 2.1.1 and 1X reaction buffer in Step 2.2.2

10K MWCO, 0.1 mL volume

Use as casein blocking solution throughout protocol
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Reviewer #1 Summary: 

In this manuscript, Pisapati et al., reported about their protocol, which describes the steps to capture 

conformational changes of single biomolecules under different shear flow environments using 

fluorescence microscopy. After reading this manuscript, I am confident that this is worthy of publication 

in JOVE as soon as possible. In addition, this 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. Really enjoyed reading this protocol. 

 

Response: We thank the reviewer for reading the manuscript and for their positive comments. 

  



Reviewer #2 Summary: 

This manuscript describes the use of microfluidic channels and high resolution fluorescence microscopy 

to study the role of fluid shear on extentional (unravelling) response of macromolecules. The particular 

macromolecule under consideration is von Willebrand Factor (vWF) that plays a critical role in clotting 

function in the body. Unravelling of vWF under high shear stress has been implicated as a major cause 

of bleeding events due to the fact that unravelled vWF being cleaved by ADAMTS13. This therefore is a 

critical study that can highlight the range of shear stresses under which high MW vWF multimers can be 

cleaved into more inefficient smaller fragments. 

 

The described protocols for device fabrication, device functionalization, microfluidic flow control, 

labeling and fluorescence microscopy are extensive and clearly laid out and will enable easy adoption by 

others. This approach can be used to study other shear sensitive molecules. 

 

Response: We thank the reviewer for reading the manuscript and for their positive comments. 

 

Reviewer #2 Minor Concerns: 

This may be limited to larger macromolecules. Also, care may need to be taken to ensure that the 

anchoring groups do not impact function of the bound molecules. 

 

Response: We thank the reviewer for raising these two critical points. It is true that our current 

protocol presents a method for observing larger macromolecules. Conformational changes in smaller 

molecules are more difficult to observe due to their lower sensitivity to shear and inability to be resolved 

by fluorescence microscopes. We have now addressed this point in the discussion of limitations. However, 

it is possible to modify our method by binding smaller molecules to these same larger macromolecules 

tethered to the surface, thereby increasing the shear-sensitivity of any small molecules that can be resolved 

by fluorescence microscopy. Therefore, we have made this additional point in the discussion of future 

applications. Finally, Fu et al. have demonstrated the ability of VWF to bind to the platelet receptor 

GPIbwhile VWF was bound by biotin-streptavidin linkages to a microfluidic surfaceThis binding 

event helps initiate platelet aggregation and is critical to VWF’s function in the blood. This therefore 

supports that the anchoring groups are not likely to affect the function of bound molecules. We appreciate 

that this issue was raised and have now added further clarification in our discussion about it. 

Action taken: 

Previous text: (Lines 474-499) 

This method is limited by a lack of information about the size and tethering points of the molecule 

as well as the difficulty to produce 0 s-1 shear rate in the channel. Previous application of this method has 

illustrated a large variation in the shear-induced unraveling behavior of VWF18. Possible explanations for 

this are that extensional responses are influenced by the number and location of biotin-streptavidin 

interactions as well as the molecular weight of VWF, all of which vary from molecule to molecule. 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 variation18. Furthermore, flow does 

not stop instantaneously when the syringe pump is stopped, confounding the observation of recoiling 

dynamics. This is due to deformation and slight dilation of the PDMS channel during the intended flow 

period. When the pump is stopped, fluid continues to flow until 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. 

 

The current protocol concerns mainly quantification of conformational changes of protein and 

DNA molecules under physiological flow. 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. 

has shown that tethered VWF can activate under high shear flow and further capture the platelet adhesion 

molecule GPIb under varying flow conditions17. Similar mechanistic insights could be obtained while 

studying the interactions between unraveled DNA and regulatory proteins in flow environments21,22. 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. 

 
Revised text: (Lines 478-514) 

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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